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The German cockroach, Blattella germanica, is one of the most common urban pest 
cockroach species.  According to historical records and taxonomic studies, the German 
cockroach likely originated from its close relative the Asian cockroach, Blattella asahinai.  
The German cockroach was introduced into Europe before the 18th century and then spread 
to the rest of the world.  The spread of the German cockroach was relatively recent compare 
to other pest cockroach species, for example, the American and Oriental cockroaches.  
Recently spread may reflected the physiological and behavior characters of the German 
cockroach.  Previous population genetics studies discovered that the population structure of 
German cockroach was that of an invasive species, and its spread likely followed the process 
of biological invasion.  Prior studies suggested complicated genetic structure and spread 
pattern but failed to link those patterns with biological invasion scenarios, so the origin and 
spread of the German cockroach remained to be discovered.  
 
Intergrating prior knowledge, I hypothesized that the German cockroach originated in South 
Asia, and was then introduced to Europe.  Europe, where the German cockroach 
accomplished “domestication process”, was the “bridgehead” of the worldwide spread of 
German cockroaches.  Taking into account the adaptability and rapid local growth rate of the 
German cockroach, the “bridgehead effect” had the strongest influence on regional spread as 
compares to other invasion scenarios.  The improvement of indoor environment and 
transportation, especially implementation of heating systems, contributed to the recent spread 
of the German cockroach. 
 
In Chapter Two, I used complete mitochondrial genomes to reconstruct the phylogeny of 




included).  My results support previous references that the German cockroach is sister to the 
Asian cockroach in genus Blattella.  Divergence of these sister species was very recent (7Ma 
[4-12 Ma 95% CI]), suggests that German cockroach may have evolved from the Asian 
cockroach, or that the German cockroach’s natural habitat was in South Asia.  
 
In Chapter Three, I used eight microsatellites to analyze population structure of 59 
populations collected from 19 countries around the world.  My results suggest that it is likely 
that three routes brought German cockroach to the whole world.  Population structure also 
shows regional pattern and positive isolation by distance (IBD) which indicates that the 
“bridgehead effect” was the major forces among all invasion scenarios.  In some populations, 
signs of admixture (especially in China and the US) and multiple introductions can also be 
observed.  Therefore, my results suggest that the global spread of the German cockroach was 
a synergy of different invasion scenarios.  In addition, my results suggest that the populations 
in tropical regions tend to be more divergent. This may suggest that initial regional expansion 
occurred in the tropics even though temperate regions may have been sites of earliest 
introduction of the German cockroaches, which indirectly suggest that the implementation of 
indoor heating in temperate regions facilitates the regional spread in temperate zones.  
 
In Chapter Four, I used the same genetic marker as in Chapter 3 to examine 24 populations 
from 9 cities in China.  My results suggest that German cockroach in China can be grouped 
into two strains; one dominant in the North and the other dominant in the South.  Those two 
strains may suggest two introduction events that brought the German cockroach into China. I 
also found that the divergence between populations in Northern cities is significantly higher 
than the ones in the South.  This was also supported by nationwide record of infestation of 




early North – late South phenomenon may reflect policies of central heating system 
implementation, supporting the hypothesis that improvement of indoor heating facilitated the 
spread of the German cockroach.  Moreover, I compared population diversification with 
geographic distance across different spatial scales and found that transportation within 200 
km was the major means of nationwide spread of the German cockroach.  
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Chapter 1:  Global spread of the German cockroach 
 
German cockroach (Blattella germanica L.) is a small yellow-brown cockroach.  German 
cockroach, was at first named by Linnaeus as Blatta germanica in 1776, is in the family 
Blatellidae, order Blattodea.  The German cockroach is one of the most widespread and truly 
‘cosmopolitan’ pests, but one with a mysterious past.   
 
German cockroaches live almost everywhere where human dwellings have been constructed, 
from Alaska to Antarctica. (Chamberlain, 1949; Pugh, 1994).  The widespread distribution of 
German cockroach is due to its success as a hitchhiker.  German cockroach can hide within 
human cargo, and so be transported via trade, thus the comparison with hitchhiking and adapt 
to the modern human households.  German cockroaches are found in a variety of artificial 
human habitations: mobile (vessels like automobiles, trains ships et al.) and stationary 
facilities, housing (apartments, hotels, hospitals et al.) and non-housing facilities (restaurants, 
barns, animal housing facilities et al.).  German cockroaches are not found in natural habitats.  
German cockroach has received more attention than other pest cockroaches; because of 
insecticide resistance.  Resistance has accumulated over time; chlordane was observed in 
Texas in March 1952 (Heal et al., 1953), followed by malathion, diazinon and fenthion in 
Louisiana in 1966 (Bennett & Spink, 1968), then DDT in the United States (Hooper, 1969).  
Over time resistance either evolved separately or spread from these locations to others 
(Umeda et al., 1988; Cochran 1989; Scott et al., 1990; Rust & Reierson 1991; Zhai & 
Robinson 1992; Cochran, 1995; Lee et al. 1996; Wang et al., 2004).  
 
The German cockroach has become a more important pest species over time for several 
reasons.  First, it has spread around the world and into human buildings far more than any 
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other species.  Second, various biological characteristics give the German cockroach 
advantages over other species, such as small size, short lifecycle and gregariousness 
(Cochran, 1995; Lihoreau et al. 2012). Third, resistance to insecticides is another major 
reason for German cockroach dominating human households. (Limoee, 2012).  
 
Despite the importance of German cockroach as pests, our knowledge of the origin and 
history of its spread is poor.  Also, German cockroach is an invasive species, which brought 
out from natural habitat and successfully established new habitats causing damagement to 
human economy and health.  Therefore, concepts and approaches to studying biological 
invasion may shed light to improve our knowledge of origin and spread of German 
cockroach. 
 
The spread of German cockroach is a complex to study with information from multi-
disciplines interconnected and it still on-going in the world. In this review, I collected 
individual records and researches to speculate possible origin, spread scenarios and factors 
contribute the spread of German cockroach. 
 
1.1 Pest cockroach species 
The earliest written records of cockroaches come from the Romans, who named them 
“lucifugia”, of “light fleeing” (Gordon, 1996).  In China, the earliest plausible records are 
from before the Tang dynasty (618 - 907), when the Chinese word 蜚蠊 (pronounce as “fei 
lian”) was created, and records from the Ming dynasty (1368 - 1644) described cockroaches 
in kitchens (Wu et al., 1990).  The name “cockroach” was first introduced in 1623 from a 
Spanish word “cucaracha”. 
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Records of modern pest cockroaches date from approximately 500 years ago, and most 
species are localized to one biogeographic region, with just a few found worldwide 
(Cornwell, 1968).  There are seven of pest cockroach species in the world (Cornwell, 1968).  
“Japanese cockroach” (Periplaneta japonica Karny) and “Smokybrown cockroach” 
(Periplaneta fuliginosa Serville) are common pests in Chinese and Japanese households 
(Cornwell, 1968; Yuichiro & Atsushi, 1971; Tanaka & Tanaka, 1997).  “Australian 
cockroach” (Periplaneta australasiae Fabricius) is a common pest in Australia, South Asia, 
and Southeast Asia. "Brown cockroach" (Periplaneta brunnea Burmeister) is common in 
tropical America.  Just three pest cockroach species are found worldwide: ‘Oriental 
cockroach’ (Blatta orientalis L.), ‘American cockroach’ (Periplaneta Americana L.) and 
‘German cockroach’ (B. germanica) (common names determined by the Entomological 
Society of America; Cochran, 1982).  The spread of pest cockroaches is, in part, determined 
by physiological and behavioral characteristics of each cockroach species, which were 
determined by their original habitats (Martin et al., 2015).   
 
The Oriental cockroach is widely distributed in human settlements in temperate zones, such 
as Europe, North America, Western and Central Asia, North Africa and Southern Australia 
(Beier, 1939).  No natural population of the Oriental cockroach is found, but its closest 
relative Blatta furcate is found in Israel (Bohn, 1984).  This suggested that Oriental 
cockroach might be originated somewhere near Israel where it accommodates the cold-
wintered Mediterranean climate.  The Oriental cockroach was transported to Europe via the 
early trade routes across the Mediterranean (Rehn, 1945), perhaps about 500 years ago, and 
300 years before the German cockroach (Cornwell 1968).  Gordon (1996) considered the 
oriental cockroach to be “oriental” because it was associated with the Silk Road - probably 
incorrectly.  Experiments show that the Oriental cockroach can survive under freeze point for 
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hours after acclimatized in 15°C (Mellanby, 1939).  This ability to acclimate cold 
temperature enabled the Oriental cockroach spreading NorthWest towards Europe and their 
year-round presence (Solomon & Adamson, 1955).   
 
The American cockroach is distributed in human settlements in warm and humid tropics and 
sub-tropics, such as sub-Saharan Africa, South America, South and Southeast Asia, and 
Australia (Beier, 1939). It originated in southern tropical Africa, where wild populations can 
still be found (Beier, 1939; Cornwell, 1968), suggested that American cockroach was likely 
spread from Africa to the new world through the Slave Trade, perhaps in the 1600s (Rehn 
1945; Peterson, 1977).  Corresponding with this suggestion, and older common name for the 
American cockroach is the “ship cockroach” (Bell & Adiyodi, 1982), perhaps indicating its 
need for water and warmth.  The American cockroach is found outdoor in warm and humid 
zones, however in lower numbers and with a restricted spread.  For example, in the British 
Isles, American cockroaches were limited to ports and indoors during the cold winter (Ragge, 
1965). 
 
1.2 Origin and spread of the German cockroach 
The earliest record of the German cockroach was from Europe in 1767, and it is thought that 
the cockroach existed in Europe before the Seven Years’ War (1756 – 1763), but it was this 
war that distributed the German cockroach throughout the continent.  Perhaps unsurprisingly, 
the common names given to the cockroach varied according to the combatants: people in 
Russia called it the “Prussian cockroach” and their opponents called it the “Russian 
cockroach” (Rehn, 1945).  Linnaeus named the species the German cockroach (Sweden 
fought against Prussia in the Seven years war), he did not know the original habitat.  
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The original habitat was unknown because no individual has been found in a natural habitat, 
and the only speculation exists.  The high diversity of Blattella in Africa discovered in the 
1950s suggested that the German cockroach originated in that Continent (Rehn, 1945).  He 
speculated the German cockroach was brought into Europe following the route of the 
Oriental cockroach, but the German cockroach remained in Southern Russia for a few 
centuries till the Thirty Years War brought it into Western Europe.  
 
Doubt about the ‘out-of-Africa' hypothesis was raised when Princis and Roth, from Harvard 
University, discovered many more species in genus Blattella in Asia:  28 of the 54 Blatella 
species are endemic to Asia (Princis 1950; Roth, 1997; Wang, et al., 2010). Princis and Roth 
thought that the German cockroach was morphologically more similar and thus related to the 
species found in Asia, especially the Asian cockroach, Blattella asahinai from South Asia 
(Sri Lanka, Myanmar and Northeastern India) (Princis, 1958, 1959; Roth, 1985).  The two 
species can breed under lab conditions, but produce sterile offspring (Roth, 1970). More 
recently, the German cockroach has been found to be closely related to the Asian cockroach 
using different genetic approaches (Pachamuthu et al., 2000; Mukha et al., 2002; Mukha et 
al., 2011). 
 
The ‘out-of-Asia’ origin is the currently more accepted hypothesis.  Nevertheless, neither 
Roth’s morphological evidence nor the molecular phylogenetic evidence explains how the 
German cockroach spread from South Asia to Europe, or anywhere in the world. It is possible 
that the German cockroach spread directly from their original habitat to all locations 
worldwide.  Alternatively, is it possible German cockroaches were spread to Europe, which 
served as a ‘bridgehead’ (Guillemaud et al., 2011) to other locations.  Moreover, the 
phylogenetic relationship of the German cockroach to other Blattella species need further 
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verification, with more genetic data from more markers, and with a greater number of 
Blattella species. 
 
1.3 Other pest Blattella species  
The Asian cockroach, Blattella asahinai, was first discovered in Okinawa, Japan in 1981 
(Mizukubo, 1981).  However, Roth examed samples collected in South Asia to discover the 
same species as Blattella beybienkoi in 1983 (Roth, 1985).  Roth suggested the natural range 
of the Asian cockroach to be in South Asia around the Bay of Bengal, and apparently, the 
individual discovered by Mizukubo was invaded to Okinawa (Roth, 1985).  The Asian 
cockroach has also been reported as an “invasive species” in the Southern states of the U. S. 
A. (Roth, 1986; Austin et al., 2007; Snoddy & Appel, 2008; Appel et al., 2009).  As is 
common for invasive species, they are found in disturbed habitats; in the United States, they 
are found in agricultural landscapes with relatively great abundance. The Asian cockroach is 
not considered to be an important pest, however, as they maintain their natural feeding habits, 
leaf litter and rotten fruit; they can even be considered to be beneficial as they consume eggs 
of other agricultural pest species (Pfannenstiel et al., 2008).   
 
Besides the Asian cockroach, there are other two Blattella species reported as “invasive”. 
They are the Field cockroach, Blattella vaga, and the False German cockroach, Blattella 
lituricollis. The Field cockroaches are naturally distributed in Pakistan and Afghanistan; 
reported as invasive in central states of the U. S. A (Roth, 1985); the False German 
cockroaches are naturally distributed in East Asia, Southeast Asia and some Pacific Islands, 
reported invasive in South Africa, Kenya and some Atlantic Islands (Roth, 1985; Boyer & 
Rivault, 2003; Roth, 2003; Boyer & Rivault, 2006). Similar to the Asian cockroaches, these 
two species feed on leaf litter in agricultural landscapes, cause little damage.   




These three Blattella species were seldom reported inside of human dwellings (Appel et al., 
1983; Roth, 1986; Grandcolas, 1998; Tsai & Lee, 2001; Austin et al., 2007); which is a direct 
contrast to the German cockroach.  It seems likely that adaptation to the human household 
environment is a derived state, as human households are recent in evolutionary terms; if so 
the Asia, Field and False German cockroaches are less derived in their behaviors than the 
German cockroach (Appel et al., 1983; Grandcolas, 1998; Tsai & Lee, 2001). It is possible 
these three Blattella species may resemble an earlier stage of the German cockroach in its 
process of domestication.   
 
1.4 Spread of the German cockroach 
The worldwide spread of the German cockroach may be found from the records (from written 
reports and museum collections) (detailed list Table. S1.1).  Records are sorted 
chronologically to indicate the first occurrence of German cockroach in specific 
country/geographic region (Fig. 1.1).  The very first specimen of German cockroach was 
recorded in Denmark known as Blatta transfuga (Brünnich, 1763; Beier, 1939).  This 
specimen then examined by Linnaeus and named as Blatta germanica (Linneaus, 1767).  The 
first occurrence of the German cockroach outside Europe is in New York, United States when 
the Croton Aqueduct was constructed in 1842; citizens in New York then believed that the 
aqueduct brought the pest to the city, so they called the German cockroaches “the Croton 
bugs” (Copeland, 2003). Around this time (mid to late 19thcentury), German cockroaches had 
spread to almost all of Europe (Bolivar, 1884; Miall & Denny, 1886; Hulden & Hulden, 
2003).  A few museum specimens indicate that German cockroaches were found in many 
other continents in late 19th century; then in the first half of the 20th century, especially those 
ports with extensive commercial activities with Europe at the time. These ports then became 
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a point source from which the German cockroaches spread across the new island, region or 
continent.  The current distribution of the German cockroach was probably shaped in the 
early 20th century. 
 
The German cockroach appears to have challenged the other pest cockroach species already 
present in human households (Privora 1972; Rettich et al., 1991; Stejskal & Verner 1996). 
Cockroach infestation field reports through years were collected in this review; all these 
investigations were brought out the proportions of each species of all pest cockroach species 
they found (See Table. S1.2).  The investigations from eight countries show that the 
proportion of infestations of the German cockroach increased through time (Fig. 1.2).  This 
pattern may have several causes, including successful management of other pest cockroach 
species, yet this cannot explain those German cockroach populations that established 
dominance decades ago (Rasmussen & Nielsen, 1997; Landau et al., 1999; Robinson, 1999). 
The dominance of German cockroaches may be due to biological factors as well. 
The biological factors that advantage the German cockroaches are physiological and 
behavioral.  The German cockroach is smaller and has a shorter life cycle than other pest 
cockroaches (Cornwell, 1968).  Therefore, the German cockroach requires fewer resources to 
grow and reproduce, and reproduction is faster (Rust et al., 1995); in other words, a given 
resource can sustain a larger population of individuals with smaller body sizes, increasing the 
security of the population, compare to larger bodied species. 





Fig. 1.1. Summary of first reports in specific country/region of the German cockroach around the world. Each point indicates the time of the first 
occurrence of the cockroach in specific region/country; the colors indicate the time in the 30-year interval; the shapes indicate time 10-year interval within 
each 30-year interval, triangles are the earliest, then rectangles then pentagons. The histogram below indicates the number of reports in each 10-year-interval. 
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Shorter life cycle and larger population size increase the capacity of a species to evolve 
resistance to insecticidal chemicals.  The German cockroach is no exception:  resistance to all 
the major groups of synthetic insecticides (carbamate, organochlorines, organophosphates 
and pyrethroids) has been reported.  Resistance to insecticides is rarer in other pest species of 
cockroaches:  only two examples are known for American cockroach in China resistant to 
trichlorfon and larger Brown cockroach in United States resistant to diazinon (see Chapter 5 
in Rozendaal, 1997).     
 
The large populations are partly a consequence of a great gregarious habit of the German 
cockroach (Roth & Willis, 1960; Bell et al., 2007).  Many pest cockroaches have been 
reported as “gregarious,” as this allows more individuals to survive in safe harborage in the 
dangerous and confined human environment (Grandcolas, 1998).  Among the pest 
cockroaches, the organization of the German cockroaches’ aggregates is considered the most 
advanced (Rust et al., 1995).  This is due to the types of information in cuticular 
hydrocarbons (Danchin et al., 2004). Cuticular hydrocarbons are used to provide desiccation 
resistance, plus express information to mediate behaviors such as aggregation (Rivault et al., 
1998), kin selection (Lihoreau et al., 2007; Lihoreau & Rivault,2009), and collective 
decisions (Rivault et al., 1998; Miller & Koehler, 2000; Jeanson & Deneubourg, 2006; 
Lihoreau et al., 2010), especially among individuals of the German cockroach.  
  




Fig. 1.2. The German cockroach proportion in human house-hold in different cities. a) European 
countries where the Oriental cockroach is the dominant pest cockroach before the German cockroach 
arrive. b) Eastern Asian cities/countries where the Japanese cockroach is the dominant pest cockroach 
before the German cockroach arrive. c) Southeast Asian countries where the American cockroach is 
the dominant pest cockroach before the German cockroach arrive. For detailed information, please 
refer to Table S1.2.  
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1.5 Factors limiting spread of the German cockroach 
There three major characters of the German cockroach may perform as limitations during its 
spread.  These characters include: preference to warm temperature, relatively short longevity 
and dependence of social lifestyle.  These characters interacted with external/environmental 
factors to determine the spread of the German cockroach. For example, the more recent 
spread of the German cockroach than other major pest cockroach species may suggest that 
these three characters, as limitations of spread, were more influential in the past than present.   
The German cockroach prefers to live in warm temperature as a legacy of originating from 
the Tropics (Roth, 1985).  The preferred living temperature for the German cockroach is from 
25°C to 32°C, similar to the American cockroach but 5°C higher (both upper and lower 
limits) than the Oriental cockroach (Gunn, 1935).  Preference of warm temperature 
determines that the German cockroach has limited ability to survive and spread in cold 
regions or during cold seasons.  Even was successfully brought into Europe from its Tropical 
habitat, the German cockroach had limited ranges of activity which also subject to seasons 
same as the situation of the American cockroach in Europe (Ragge, 1965).   
 
Longevity is also important as a species with a shorter lifespan than the travel time is less 
likely to survive the transportation event.  Increasing the number of stops along the transport 
route may increase survival across the entire journey, by providing new sites for colonization. 
German cockroaches live about half as long as American cockroaches, even shorten when 
there is no food and water (Willis & Lewis, 1957).  It seems plausible that the shorter lifespan 
limit spread of German cockroach, even though there were many destinations around the 
tropics, it was too long a boat journey for the German cockroaches to survive.  Moreover, the 
earliest record of “hitchhiking” German cockroaches was described as “brought around 
European solders’ meal baskets”; in other words, by land, with provisions (Brünnich, 1763). 
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In a parallel situation, Oriental cockroaches, which live about as long as the German 
cockroaches, were transported by land from Northern Africa to the Middle East and Europe.   
The greater level of gregarity of the German cockroach is advantageous in human 
households.  However, it is a liability when there are few German cockroach individuals; 
perhaps most likely under hitch-hiking conditions.  Without an aggregation, individual 
German cockroaches suffer from ‘isolation syndrome’.  The symptoms of this syndrome 
include delay of imaginal moult (Izutsu et al., 1970), delay of sexual maturation (Gadot et al., 
1989; Holbrook et al., 2000) and disorder of behavior (Lihoreau et al., 2009).  The isolation 
syndrome is virtually unknown in other pest cockroach species (Lihoreau et al. 2012).   
 
Changes in technology over time may have led to better conditions for German cockroach 
hitch-hiking.  Faster transport (from sailing ship to steam ships to diesel ships to airplanes) 
leads to shorter duration of the travel, which in turn lead to increased survival of hitch-hiking 
cockroaches. Engines (steam, diesel), and electronic equipment (refrigerator compressors) 
provide warmth, important for tropical species (Huang & Zhang, 2010). Improved rodent 
control with modern pest management methods reduces the likely predators of the German 
cockroaches (Roth & Willis, 1960). 
 
1.6 Tracing spread of the German cockroach 
Given that Europe is not tropical, and is distant from the two potential native locations, it is 
likely that the invasion and establishment of the German cockroach in Eupore occurred over a 
long period of continuous trading.  To uncover possible trade routes more evidence is 
required, especially historical records of the trade earlier than the 17th century between 
Europe and Asia.  Unfortunately, these historical records are rare, and often do not provide 
sufficient information to distinguish cockroach species.  
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The historical records suggest that German cockroach spread rapidly outside of Europe.  As 
shown in Fig. 1.1, the majority of new locations were early in the Twentieth century, perhaps 
because of modern, fast transport and increasingly similar human settlements (Martins et al., 
2015).  The homogenization of the urban environment would allow an easy colonization by 
‘pre-adapted’ German cockroaches.  Hotels and hospitals provide two examples:  German 
cockroaches were first reported from these buildings, in many cases (Burgess & Chetwyn 
1979; Kutrup, 2003; Shahraki et al., 2013).  
 
However, only referring to historical records to trace the spread of German cockroach has 
many disadvantages.  First, not all countries/regions have records.  Second, those that do, 
such records are unclear about the exact time of arrival of German cockroach in specific 
locations, because the time of reports indicates when someone with specialist knowledgeable 
to identify the species was present, not the time the German cockroach arrived at the 
particular region.  Third, there is conflicting information in the records and museum 
collections. For example, some reports claimed that the German cockroach first arrived in 
Japan via cargo ship in the 1960s (Hitomi, 1957), but the earliest museum specimens 
collected from Japan were dated 1891.  This also suggests the possibility that the first 
recorded specimens may not represent the current populations in that particular region.  
Fourth, those records can only indicate the time of occurrence of the German cockroach, but 
it fails to illustrate the how they arrived and from where. Last but not least, even though I 
speculated the spread routes with those scattered records, the complexity of different spread 
scenarios, for example, multiple introductions, were omitted.  Therefore, to study the spread 
of German cockroach, it is better to start with researching the relationship among worldwide 
populations with genetic approaches.   
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There are only a few molecular population genetics studies available so far.  All of them 
found that loss of genetic variation, bottlenecks and founders’ effects among German 
cockroaches populations in two cities in France (Cloarec et al., 1999), apartment buildings in 
Raleigh, North Carolina (Crissman et al., 2010), pig farms in North Carolina (Booth et al., 
2011) and worldwide (Vargo et al., 2014).  Some of these effects are due to inbreeding in all 
invasive species (Fitzpatrick et al., 2012), including German cockroach populations 
(Crissman et al., 2010; Booth et al., 2011), even though sibling mating is avoided (Lihoreau 
et al., 2008; Lihoreau & Rivault, 2010). It seems likely that inbreeding is unavoidable for the 
few arrivals in new habitats, especially for German cockroaches with very limited mobility 
(Owens & Bennett, 1982; Rivault, 1990; Crissman et al., 2010). 
 
Population genetic researches indicated that the local population growth rate was much 
higher than the migration rate (Cloarec et al., 1999; Crissman et al., 2010); this means that 
without introducing across the ocean, inland and remote areas can acquire the German 
cockroach under the radiation of regional trading center.  Moreover, the fast local population 
growth can facilitate the spread and adaptation by reducing the impact of bottleneck effect 
(Nei et al., 1975; Fitzpatrick et al., 2012).  All studies indicated that inbreeding works with 
rapid local population growth create a high level of genetic differentiation among the German 
cockroach populations (Cloarec et al., 1999; Crissman et al., 2010; Booth et al., 2011; Vargo 
et al., 2014).  However, different studies reported differently about the population structure of 




In conclusion, according to historical records, we can learn two things. First, the earliest 
German cockroach was found in Europe; second, the worldwide spread of German 
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cockroach, which was not started until late 18th century, was more recent than other pest 
cockroach species.  According to previous population genetic researches, we can learn that 
the population structure of German cockroach follows the process of biological invasion, and 
different scenarios may occur in different geographical range for the spread.  Both records 
and researches are insufficient to discover the origin and spread of the worldwide distribution 
of German cockroach.  However, previous knowledge inspired me to bring out new 
approaches to try to solve following questions: 
 
• Question one (where is the origin?):  German cockroach originated from the Asian 
cockroach, Blattella asahinai.  I will testify it with German cockroach and four other Asian 
Blattella species using complete mitochondrial phylogenetic reconstruction in Chapter two. 
 
• Question two (where is the secondary origin?):  Europe is the source of worldwide 
German cockroach.  I will testify it comparing genetic variance and population differentiation 
across worldwide samples in Chapter three.  
 
 
• Question three (how did it spread):  Spread of German cockroach may involve 
different scenarios of invasion, but bridgehead-effect has the strongest influence.  I will 
testify it analyzing genetic clustering and IBD analysis for the worldwide German cockroach 
in Chapter three and a case study in China, which present high resolution of sampling effort 
to indicate the regional pattern in Chapter four. 
 
• Question four (how the improvement of transportation and indoor environment can 
influence the spread?):  Because of behavior and physiological characters, the recent spread 
of German cockroach might be subject to improvement of transportation and indoor 
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environment, especially the improvement of indoor heating.  I will testify it using population 
differentiation to find which populations divergent more recent and can because of the indoor 




Chapter 2 Cockroach Phylogeny 
Chapter 2: Phylogenetic reconstruction of order Blattodea and 
genus Blattella with complete mitochondrial genomes 
 
2.1 Introduction 
2.1.1 Order Blattodea 
The cockroaches, usually refer to the species in the order Blattodea, are distributed in a great 
chronical and geographical span on earth.  There are 7570 species of extant species (4641 
species of cockroaches and 2929 species of termites) in order Blattodea (Beccaloni & 
Eggleton, 2013).  Although, the order Blattodea is not a big order, according to the number of 
species compared to the other orders in Insecta, the diversity of species in this order is large 
(Mullins, 2015).  The diversity of morphology, habitats and living strategies may accumulate 
from millions of years’ evolution (Roth, 2003), and this kind of diversity not only inherited 
by extant cockroaches but also fossilized with more than 2041 fossils and embers (EDNA 
fossil insect database, 2015).  On the other hand, studying the diversity may suggest how 
cockroach evolution connected with remarkable events of the Earth’s natural history 
(Vršanský, 2005).  Extant cockroaches are distributed all over the world, except for 
Antarctica, from arid inland to remote islands in the middle of the ocean; from highly 
modernized cities to pristine tropical rainforest.  Besides occupying important position in 
ecosystem, generally as decomposer (Galante & Macros-Garcia, 2005; Evans et al., 2011), 
the cockroaches become increasingly interact with human being as pests (Cornwell, 1976; 
Evans et al., 2013), commercial products (Vukusic et al., 2003) and sometimes pets (Thomas, 
1995).  Greater economical values make this ancient group of species attracts more attentions 
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The oldest cockroach (Qilianiblatta namurensis) is believed to occur during Bashkirian 
Carboniferous, 320-million-year-ago (Ma) (Zhang et al., 2012).  Ancient cockroaches were 
believed once occupied essential positions in the ecosystem with great species richness 
(Grimaldi, 2001); those positions nowadays are mostly taken or shared by other younger 
insect clades, for example, beetles and ants (Vršanský, 2014).  The revolutionary relationship 
among mantis, cockroaches and termites, three major groups in Dictyoptera, has been passed 
through a long debate, until recent, the relationship was confirmed by both paleontological 
and molecular phylogenetic evidences (Inward et al., 2007; Ware et al., 2008; Béthoux & 
Wieland, 2009; Engel et al., 2009; Roth et al., 2009; Cameron et al., 2012; Legendre et al., 
2015).  Mantises were believed derived from carnivorous cockroaches in late Jurassic 
(Grimaldi & Engel, 2005); now more accept that mantises and cockroaches diverged in early 
stage of Dictyoptera in late Carboniferous or earlier (Legendre et al., 2015).  Termites, once 
considered as another order, Isoptera, in Dictyoptera, now become an epifamily in order 
Blattodea, sister to Cryptocercoidae diverged 170Ma (Bourguignon et al., 2015).  
 
Extant cockroaches are from eight non-termite families (Nocticolidae, Corydiidae, 
Ectobiidae, Blaberidae, Blattidae, Lamproblattidae, Tryonicidae and Cryptocercidae) and 
nine termite families. These families can be included into three major clades/superfamilies 
with sound proof from both morphological and molecular genetic evidence (Djernæs et al., 
2015).  The three major superfamilies are: Corydioidea (Nocticolidae + Corydiidae), 
Blaberoidea (Ectobiidae + Blaberidae) and Blattoidea (Blattidae + Lamproblattidae + 
Tryonicidae + Cryptocercidae + all the termite families) (Beccaloni & Eggleton, 2013).  
However, some issues remain unsolved in the evolutionary relationship within order 
Blattodea, especially in interfamily level.  The most recent comprehensive research (Djernæs 
et al., 2015) suggested that family Tryonicidae is the sister clade of Isoptera + Cryptocercidae 
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sister group; it also suggested that genus Anaplecta can be upgraded to family Anaplectidae; 
however, both discoveries need further confirmation with higher nodal confidence.  Except 
for low nodal confidence for the divergence of certain lineages (in Djernæs et al., 2015 only 
introduce 1 calibration within order Blattodea), more calibrations need to be introduced in 
each lineage to restrict the deviation between molecular data to fossil records (Ho, 2009; Ho 
& Lo, 2013).  Another recent phylogenetic studies aim to date major divergence in Blattodea 
and Dictyoptera (Legendre et al., 2015) introduced an impressive number of species (~800 
taxa) and detailed calibrations, however, provided fairly low nodal confidential supports 
especially for major nodes.  Therefore, studies with higher nodal confidences and more 
detailed fossil calibrations are needed to solve the issues of cockroach phylogeny and 
revolution. Moreover, accurate dating for such an old group of insect may shed light to study 
the natural history of the earth (Donoghue & Moore, 2003).     
 
2.1.2 Mitochondrial genome in reconstruction of insect phylogeny 
The mitochondrion is well studied genomic system; the applications in evolutionary studies 
(references and models) are well established; development of technology also makes 
complete mitochondria more approachable (Trautwein et al., 2012; Simon & Hadrys 2013; 
Cameron, 2014).  However, there were still few complete mitochondria published for non-
termite cockroach (termite mitochondria were well studied compare to cockroaches’) (see 
table. 1 in Cameron, 2014).  From currently sequenced mitochondrial genome of cockroaches 
and termites, we know that cockroach mitochondrion is typical insect mitochondrion around 
15-16 kb in size, encoded with 37 genes (13 protein-coding genes, 2 ribosomal RNA genes 
and 22 transfer RNA genes) (Zhang et al., 2010; Xiao et al., 2012; Cameron et al., 2013; 
Chen, 2013; Bourguignon et al., 2015); we also know that the gene arrangement is conserved 
(Hu et al., 2009; Bourguignon et al., 2015).  Previous cockroach phylogenetic studies focused 
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on some protein coding genes (COI, COII or Cytochrome b) or ribosomal DNAs (16S or 12S 
rDNA).  By sequencing the complete mitochondrion, I can introduce more genic variables 
from tRNA genes to increase nodal confidence (Cameron et al., 2009).  Moreover, 
established methodologies can provide accessibility to set multiple independent calibration 
points to test scenarios of evolutionary tempo on mitochondrial sequences (Papadopoulou et 
al., 2010).  Even though mitochondrial genome is considered as a single marker that present 
partial evolution information, mitochondrial genomes, with all the established methodologies 
and a promising number of fossil calibrations, are still my best choice to bring out a robust 
phylogeny for the order Blattodea. 
 
2.1.3 Phylogenetic revision of the Genus Blattella 
There are 54 species in genus Blattella; 28 are Asian Blattella spp., 26 are African Blattella 
spp.; and there are no extant Blattella species knew naturally habituate in New World (Roth, 
1985; Roth, 1991; Roth, 1995; Wang et al., 2010).  According to morphological traits 
(position of the tergal gland, shape of the subgenital plate and styli, paraprocot, and genital 
phallomeres L2 and L2d), these 54 species are categorized into six species groups (Roth, 
1985).  Morphologically, closest relatives of German cockroach within Genus Blattella were 
Blattella bisgnata, Blattella lituricollis, Blattella asahinai and Blattella nipponica.  These 
relatives distribute from islands in West Pacific islands to Sri Lanka, covering Japan, South 
China, Indochina and rim of Bay of Bengal.  Another Blattella species considered closely 
related to the German cockroach is the field cockroach, Blattella vaga.  This species 
distributes semi-arid Pakistan and Afghanistan, and it seems there is no overlapping to the 
habitat of those Eastern Asian Blattella species.  Blattella was a relatively old genus with 
little external morphological change.  The oldest specimen, Blattella lengleti, was discovered 
in France date back to 90million years ago (Vršanský 2008).   
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Genus Blattella was long ignored in previous molecular phylogenetic studies, even though 
such an old genus may carry valuable information for study the evolution of cockroaches.  So 
far, only two molecular phylogenetic studies include more than three species of Blattella.  
These studies verified the relationship between B. germanica, B. asahinai, B. lituricollis and 
B. vaga; however, the credibility of the phylogeny is low.  Pachamuthu et al. (2000) used 
polymerase chain reaction-restriction fragment length polymorphism to build the 
evolutionary relationship; Mukha et al. (2002) used 886bp 28S rDNA to present evolution 
relationship with single most parsimonious tree.  Both studies suggested B. asahinai was 
sister to B. germanica, which support what morphological phylogeny suggested.  However, 
the genetic marker those two studies used poorly illustrated the depth of divergence of among 
Blattella species. 
 
2.1.4 Goals and aims 
In this chapter, I sequenced complete mitochondrial genomes of 67 cockroach species, 
included all the recognized families, which are representative of cockroach diversity. My 
aims were three-fold: 
 
1. To provide a robust phylogenetic tree that can be used to infer cockroach epifamily 
and family relationships and be the basis of future taxonomic changes needed to 
reflect cockroach cladistics. 
 
2. To date important evolutionary events in Blattodea, and resolve the conflicts between 
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3. To investigate the evolutionary relationship in genus Blattella and look for a possible 
origin of the German cockroach. 
 
Moreover, this study will provide 67 complete mitochondria of cockroaches, including 32 
species in family Blaberidae, which not a single species’ mitochondrial genome has been 
sequenced before. My sequences may helpful to future cockroach studies in a variety fields. 
 
2.2 Material and Methods 
2.2.1 Mitochondrial genome sequencing 
All the mitochondrial sequences analyzed in this research were from cockroach samples 
sequenced in the lab and some from published mitochondrial genomes (Table 2. 1).  All the 
cockroach samples collected were killed and soaked in RNA-later; they were stored in -80°C 
before DNA extraction.  All the cockroaches were dissected before DNA extraction; for 
relatively large individuals, one leg or a section of leg was acquired from each individual 
because it was considered rich in mitochondria; for relatively small samples, head and part of 
thorax was acquired from each individual to avoid the contamination in abdomen (stored 
sperm, eggs, organisms in digestive tracts).  Samples were crashed mechanically and the 
homogenized tissue will be digested with CTAB protocol. DNA of each sample was then 
isolated with phenol-chloroform extraction protocol (Chen et al., 2010).  Finally, the DNA 
pellets were re-suspended in TE buffer and stored in -20°C for next procedures.  Complete 
mitochondrial genomes were amplified using TaKaRa LATaq with two separated long-
polymerase chain reactions (long-PCRs); each long-PCR amplified a part of the ring of a 
mitochondrion. Primers I used were either published in previous studies or ones designed in 
this study for samples in specific taxonomic groups (Table 2. 2).  PCRs were done in thermo-
cycler started with 1 minute preheating in 94°C, followed by 30 cycles, in each of which have 
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10 seconds 98°C denaturation, 30 seconds 65°C annealing and 11 minutes (8 minutes for 
short fragment) elongation.  After the cycles, there is a 10 minutes post-elongation in 72°C.  
All the samples were numbered and randomly distributed to different batches of PCRs to 
minimize the experimental errors.  Amplified fragments were confirmed with gel 
electrophoresis and the molecular concentration was measured with Qubit analysis.  Both 
fragments were mixed equally in molecular concentration and send for paired-end sequencing 
with Illumina HiSeq2000.  
 
Sequences of 100bp were sorted and assembled with the computer program, CLC assembly 
cell v4.4.  Contigs were built using de novo assembling with CLC program; I selected one 
contig or several long contigs with high creditability for each sample as the scaffold of its 
mitochondrial genome.  All the reads of this sample then mapped to the scaffold to confirm 
the accuracy or to correct mistakes of the de novo assembling.  After the completion of the 
sequences, all the genes, tRNAs and rRNAs were identified using online resource MITOS 
Webserver v715 (Bernt et al., 2013) with invertebrate references.  The genes were later 
further confirmed by translating into the amino-acid sequences.  All the coding regions were 
finally confirmed with comparing to previously published mitochondrial genomes of 
cockroaches and termites.  The secondary structure of the tRNAs were suggested by MITOS 
v715, according to which, I finally determine the length of each tRNA coding region in the 
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Table 2. 1. Samples used in this study 
Sample 
ID 
Order  Superfamily Family Genus Species/Description 
B002 Blattodea Blaberoidea Blaberidae Aeluropoda Aeluropoda insignis 
B003 Blattodea Blaberoidea Blaberidae Archimandrita Archimandrita tesselata 
B004 Blattodea Blaberoidea Blaberidae Blaberus Blaberus peruvianus 
B007 Blattodea Blaberoidea Blaberidae Blaberus Blaberus cf. 
B010 Blattodea Blaberoidea Blaberidae Blaberus Blaberus discoidalis 
B013 Blattodea Blaberoidea Blaberidae Blaberus Blaberus sp. 
B015 Blattodea Blaberoidea Blaberidae Byrsotria Byrsotria cabrerai 
B016 Blattodea Blaberoidea Blaberidae Byrsotria Byrsotria fumigata 
B017 Blattodea Blaberoidea Blaberidae Byrsotria Byrsotria rothi 
B018 Blattodea Blaberoidea Blaberidae Byrsotria Byrsotria sp. 
B020 Blattodea Blaberoidea Blaberidae Diploptera Diploptera punctata 
B021 Blattodea Blaberoidea Blaberidae Elliptorhina Elliptorhina chopardi 
B023 Blattodea Blaberoidea Blaberidae Elliptorhina Elliptorhina javanica 
B027 Blattodea Blaberoidea Blaberidae Eublaberus Eublaberus sp. 
B029 Blattodea Blaberoidea Blaberidae Gromphadorhina Gromphadorhina grandidieri 
B031 Blattodea Blaberoidea Blaberidae Gromphadorhina Gromphadorhina oblongonota 
B032 Blattodea Blaberoidea Blaberidae Gromphadorhina Gromphadorhina portentosa 
B034 Blattodea Blaberoidea Blaberidae Gyna Gyna caffrorum 
B035 Blattodea Blaberoidea Blaberidae Gyna Gyna capucina 
B040 Blattodea Blaberoidea Blaberidae Lucihormetica Lucihormetica verrucosa 
B041 Blattodea Blaberoidea Blaberidae Nauphoeta Nauphoeta cinerea 
B042 Blattodea Blaberoidea Blaberidae Opisthoplatia Opisthoplatia orientalis 
B044 Blattodea Blaberoidea Blaberidae Panchlora Panchlora nivea 
B048 Blattodea Blaberoidea Blaberidae Pycnoscelus Pycnoscelus femapterus 
B049 Blattodea Blaberoidea Blaberidae Pycnoscelus Pycnoscelus indicus 
B050 Blattodea Blaberoidea Blaberidae Pycnoscelus Pycnoscelus nigra 
B052 Blattodea Blaberoidea Blaberidae Pycnoscelus Pycnoscelus surinamensis 
B053 Blattodea Blaberoidea Blaberidae Rhyparobia Rhyparobia maderae 
B054 Blattodea Blaberoidea Blaberidae Rhyparobia Rhyparobia sp. 
B055 Blattodea Blaberoidea Blaberidae Schultesia Schultesia lampyridiformis 
B056 Blattodea Blaberoidea Blaberidae Blaptica Blaptica dubia 
B057 Blattodea Blaberoidea Ectobiidae Anallacta Anallacta methanoides 
B058 Blattodea Blaberoidea Ectobiidae Asiablatta Asiablatta kyotensis 
B059 Blattodea Blaberoidea Ectobiidae Blattella Blattella asahinai 
B062 Blattodea Blaberoidea Ectobiidae Parcoblatta Parcoblatta divisa 
B063 Blattodea Blaberoidea Ectobiidae Parcoblatta Parcoblatta lata 
B064 Blattodea Blaberoidea Ectobiidae Parcoblatta Parcoblatta pennsylvanica 
B066 Blattodea Blaberoidea Ectobiidae Symploce Symploce macroptera 
B067 Blattodea Blaberoidea Ectobiidae Symploce Symploce pallens 
B068 Blattodea Blattoidea Blattidae Blatta Blatta orientalis 
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Table 2. 1. Continued  
Sample 
ID 
Order  Superfamily Family Genus Species/Description 
      
B069 Blattodea Blattoidea Blattidae Deropeltis Deropeltis paulinoi 
B071 Blattodea Blattoidea Blattidae Eurycotis Eurycotis decipiens 
B072 Blattodea Blattoidea Blattidae Eurycotis Eurycotis floridana 
B073 Blattodea Blattoidea Blattidae Eurycotis Eurycotis opaca "Sunset" 
B074 Blattodea Blattoidea Blattidae Eurycotis Eurycotis sp. 
B075 Blattodea Blattoidea Blattidae Neostylopyga Neostylopyga rhombifolia 
B077 Blattodea Blattoidea Blattidae Periplaneta Periplaneta australasiae 
B078 Blattodea Blattoidea Blattidae Periplaneta Periplaneta brunnea 
B080 Blattodea Blattoidea Blattidae Shelfordella Shelfordella lateralis 
B083 Blattodea Blaberoidea Ectobiidae Ischnoptera Ischnoptera deropeltiformis 
B084 Blattodea Blaberoidea Ectobiidae Ischnoptera Ischnoptera sp. 
B086 Blattodea Corydiidae Corydiidae Ergaula Ergaula capucina 
B088 Blattodea Corydiidae Corydiidae Polyphaga Polyphaga aegyptiaca "Sinai Egypt" 
B089 Blattodea Corydiidae Corydiidae Therea Therea olegrandjeani 
B090 Blattodea Corydiidae Corydiidae Therea Therea petiveriana 
B091 Blattodea Corydiidae Corydiidae Therea Therea regularis 
B094 Blattodea Corydioidae Corydiidae Heterogamodes Heterogamodes hebraica 
B095 Blattodea Blaberoidea Blaberidae Epilampra Epilampra maya “Arcadia” 
B097 Blattodea Corydioidae Corydiidae Arenivaga Arenivaga cf. 
B099 Blattodea Blaberoidea Ectobiidae Parcoblatta Parcoblatta fulvescens 
B100 Blattodea Blaberoidea Ectobiidae Parcoblatta Parcoblatta uhleriana 
B101 Blattodea Blaberoidea Ectobiidae Parcoblatta Parcoblatta bolliana 
B103 Blattodea Blaberoidea Ectobiidae  small cockroach 
BB Blattodea Blaberoidea Ectobiidae  Big Blattella 
BV Blattodea Blaberoidea Ectobiidae Blattella Blattella vaga 
BWF Blattodea    small cockroach 
BUid Blattodea Blaberoidae Ectobiidae Blattella Blattella lituricollis 
BBI Blattodea Blaberoidae Ectobiidae Blattella Blattella bisignata 
BG Blattodea Blaberoidae Ectobiidae Blattella Blattella germanica 
CR Blattodea Blattoidea Cryptocercidae Cryptocercus Cryptocercus relictus 
ES Blattodea Corydioidae Corydiidae Eupolyphaga Eupolyphaga sinensis 
PA Blattodea Blattoidea Blattidae Periplaneta Periplaneta americana 
PF Blattodea Blattoidea Blattidae Periplaneta Periplaneta fuliginosa 
TermiteI Blattodea Blattoidea Rhinotermitidae Coptotermes Coptotermes formosanus 
TermiteII Blattodea Blattoidea Mastotermitidae Mastotermes Mastotermes darwiniensis 
TermiteIII Blattodea Blattoidea Kalotermitidae Neotermes Neotermes insularis 
TermiteIV Blattodea Blattoidea Rhinotermitidae Reticulitermes Reticulitermes santonensis 
 Mantodea  Mantidae Tamolanica Tamolanica tamolana 
 Mantophasmatodea  Mantophasmatidae Sclerophasma Sclerophasma paresisense 
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Table 2. 1. Continued  
Sample ID Order  Superfamily Family Genus Species/Description 
 Orthoptera Acrididae Locusta Locusta migratoria 
 Phasmida Phasmatidae Entoria  Entoria okinawaensis 
 Phasmida Phasmatidae Extatosoma Extatosoma tiaratum 
 Phasmida Heteropterygidae Heteropteryx Heteropteryx dilatata 
 Phasmida Diapheromeridae Micadina Micadina phluctainoides 
 Phasmida Phasmatidae Phobaeticus Phobaeticus serratipes 
 Phasmida Phasmatidae Phraortes Phraortes illepidus 
 Phasmida Phasmatidae Ramulus Ramulus hainanense 
 Phasmida Phasmatidae Ramulus Ramulus irregulariterdentatus 
 Plecoptera  Perloidea Perlidae Acroneuria Acroneuria hainana 
      
Some samples are with missing data, for the sequences of genes or rDNA do not exceed half 
of the normal length, I just deleted and made up with gaps.  I create several datasets with 
different amount of missing data, from including all the species with the largest amount of 
missing data to a minimum number of species with no missing data.  I ran a few alignments 
and built phylogenetic trees for all datasets.  I estimated the influences of missing data to 
specific samples in phylogeny and decided which dataset to use for the phylogenetic 
reconstruction.  And finally, I determine to present phylogenetic reconstruction with 89 
samples. 
 
2.2.2 Phylogenetic Analyses 
Final alignments were carried out with totally 89 selected cockroach species (67 species from 
this study and 22 species whose complete mitochondrial genomes were published in 
GenBank).  Among those 22 species, there are one mantis species, Tamolanica tamolana, and 
21 other polyneopteran species were used as outgroups to clarify the phylogenetic 
relationship within Dictyoptera and outside.  The alignment was done to each individual 
genes using Muscle algorithm implemented in MEGA v5.2 (Tamura et al., 2011).  Protein-
coding genes were aligned according to the amino-acid translation, and then translated back 
to double check if the DNA sequence maintains in coding frames; tRNA and rRNA genes 
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were aligned as nucleotides, secondary structures were not aligned since there would be no 
significant difference for phylogenetic topology and nodal confidences (Cameron et al., 
2009).  The alignments of each gene or rDNA were then converted from fasta format to 
nenux format for concatenation using ClusterX.  All the individual genes and rDNA of a 
single species were concatenated with the software SequenceMatrix v1.8 (Vaidya et al., 
2011).  Concatenated sequences were compiled in one file and converted to phylip format 
using Geneious v.8.1.5 (Kearse et al., 2012).  Phylip-formated sequences then underwent 
PartitionFinder v1.1.1 (Lanfear et al., 2012) to find the optimal analytical scenario.  
 





























F4 COII GATGRCTGAAAGCAAGTRRTGGTCTCTT Forward 10-kb This study 
R14 S12 ACACATCGCCCGTCRCTCTCRTTA Reverse 10-kb This study 
F13 S16 TGATTATGCTACCTTYGCACGGT Forward 6-kb This study 
R4 COII AAGAGACCAYYACTTGCTTTCAGYCATC Reverse 6-kb This study 
 
Phylogenies were reconstructed with Bayesian analyzes.  Partitioning was done to two 
individual assignments by PartitionFinder, one with third codon position of all protein-coding 
genes and one without.  For both the assignments, best model molecular substitution was 
selected according to Bayesian information criterion (BIC); good partition schemes were 
searched with relaxed hierarchical clustering algorithm (“rcluster”).  For my alignments, 
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PartitionFinder selected one scheme of 20 partitions for the assignment with third codon 
position; it selected one scheme of 15 partitions for the assignment without third codon 
position.  I manually did the other partitions: 16 partitions by genes with third codon position 
(13 protein-coding genes, two rRNA genes and one for all tRNA genes combined), 16 
partitions by genes without third codon position, six partitions by codon and five partitions by 
codon without the third codon position (see Table 2. 3).  
 
I reconstructed Bayesian trees with MrBayes v3.2.5 (Ronquist et al., 2012).  Different 
partitioning scenarios were computed in individual assignments with unlinked partitions, 
each of four chains (three hot and one cold), with 2,000,000 generations of sampling and 
calculating diagnostics every 1,000 generations.  Then I examined the output file with Tracer 
v1.6 (Rambaut et al., 2014) to check if the length of run was enough.  
 
2.2.3 Molecular dating 
I conducted molecular dating for this phylogenetic study using Bayesian Evolutionary 
Analysis Sampling Trees (BEAST) v. 1.8.2 (Drummond & Rambaut, 2007).  I edit the 
concatenated sequences into a specific input file for BEAST with software BEAUti v. 1.8.2 
(Drummond et al., 2012).  I set the partitions as suggested by PartitionFinder. I set nine taxa 
groups for the molecular clock calibration; each taxa group was calibrated with an age 
constraint of exponential prior (See Table. 2.4).  I used GTR+G model for all the partitions 
and exclude the third codon of all protein coding genes.  I used the uncorrelated lognormal 
clock for the molecular clock model to simulate possible inconsistency of molecular 
evolutionary rate (Sanderson, 1997; Thorne et al., 1998).  I imported a dummy tree as the 
prior tree with Yule speciation process (Gernhard, 2008) for the tree model option.  I rooted 
and bifurcated an established phylogenetic tree from MrBayes with FigTree v. 1.4.2 to make 
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the dummy tree.  I run MCMC of 10 million generations long with sampling every 1000 
steps.  The log of the BEAST run was analyzed by Tracer v. 1.6 to check if the length of the 
run is sufficient.  The optimal tree was then obtained after calculation by Tree Annotator v. 








Partitions Partition Scenarios 
Bayesian, 
GTR+I+G PartitionFinder 20 
(COIII_pos1, COII_pos1, COI_pos1), (COI_pos2), (COI_pos3), 
(COIII_pos2, COII_pos2, atp6_pos2, cob_pos2, nad3_pos2), 
(COII_pos3, cob_pos3), (COIII_pos3), (atp6_pos1, cob_pos1), 
(atp6_pos3, nad3_pos3, nad6_pos3), (atp8_pos1, atp8_pos2), 
(atp8_pos3, nad2_pos3), (nad1_pos1, nad4L_pos1, nad4_pos1, 
nad5_pos1), (nad1_pos2, nad4L_pos2, nad4_pos2, nad5_pos2), 
(nad1_pos3), (nad2_pos1), (nad2_pos2, nad6_pos2), (nad3_pos1, 
nad6_pos1), (nad4L_pos3), (nad4_pos3, nad5_pos3), (rL, rS), (tRNAs) 
Bayesian, 
GTR+G PartitionFinder 20 
(COIII_pos1, COII_pos1, COI_pos1), (COI_pos2), (COI_pos3), 
(COIII_pos2, COII_pos2, atp6_pos2, cob_pos2, nad3_pos2), 
(COII_pos3, cob_pos3), (COIII_pos3), (atp6_pos1, cob_pos1), 
(atp6_pos3, nad3_pos3, nad6_pos3), (atp8_pos1, atp8_pos2), 
(atp8_pos3, nad2_pos3), (nad1_pos1, nad4L_pos1, nad4_pos1, 
nad5_pos1), (nad1_pos2, nad4L_pos2, nad4_pos2, nad5_pos2), 
(nad1_pos3), (nad2_pos1), (nad2_pos2, nad6_pos2), (nad3_pos1, 




- third codon 15 
(COI_pos1), (COI_pos2), (COIII_pos1, COII_pos1), (COIII_pos2, 
COII_pos2, atp6_pos2, cob_pos2, nad2_pos2), (atp6_pos1, nad2_pos1), 
(atp8_pos1), (atp8_pos2), (cob_pos1), (nad1_pos1, nad4L_pos1, 
nad4_pos1, nad5_pos1), (nad1_pos2), (nad3_pos1, nad6_pos1), 





- third codon 15 
(COI_pos1), (COI_pos2), (COIII_pos1, COII_pos1), (COIII_pos2, 
COII_pos2, atp6_pos2, cob_pos2, nad2_pos2), (atp6_pos1, nad2_pos1), 
(atp8_pos1), (atp8_pos2), (cob_pos1), (nad1_pos1, nad4L_pos1, 
nad4_pos1, nad5_pos1), (nad1_pos2), (nad3_pos1, nad6_pos1), 
(nad3_pos2, nad6_pos2), (nad4L_pos2, nad4_pos2, nad5_pos2), (rL, rS), 
(tRNAs) 
Bayesian, 
GTR+I+G Gene 16 
COI, COII, COIII, atp6, atp8, cob, nad1, nad2, nad3, nad4, nad4L, nad5, 
nad6, rL, rS, tRNAs 
Bayesian, 
GTR+G Gene 16 
COI, COII, COIII, atp6, atp8, cob, nad1, nad2, nad3, nad4, nad4L, nad5, 
nad6, rL, rS, tRNAs 
Bayesian, 
GTR+I+G 
Gene - third 
codon 16 
COI, COII, COIII, atp6, atp8, cob, nad1, nad2, nad3, nad4, nad4L, nad5, 
nad6, rL, rS, tRNAs 
Bayesian, 
GTR+G 
Gene - third 
codon 16 
COI, COII, COIII, atp6, atp8, cob, nad1, nad2, nad3, nad4, nad4L, nad5, 
nad6, rL, rS, tRNAs 
Bayesian, 
GTR+I+G Codon 6 1st codon, 2nd codon, 3rd codon, rL, rS, tRNAs 
Bayesian, 
GTR+G Codon 6 1st codon, 2nd codon, 3rd codon, rL, rS, tRNAs 
Bayesian, 
GTR+I+G 
Codon - third 
codon 5 1st codon, 2nd codon, rL, rS, tRNAs 
Bayesian, 
GTR+G 
Codon - third 
codon 5 1st codon, 2nd codon, rL, rS, tRNAs 
    
 
Table 2. 3. Analytical method and partition scenarios used in this study 
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     Table. 2.4. Fossil calibration points for estimating divergence of major clades. 
Species  
 




Baissatermes lapideus 137 Cryptocercus + Isoptera 30.64 250 Engel et al., 
2007 
Valditermes brenanae 130 Other Isoptera exclude 
Mastotermes 
32.53 250 Krishna et 
al., 2013 
Morphna paleo 61.7 All Blaberidae 51.05 250 Vrsansky et 
al., 2013 
Ergaula stonebut  61.7 All Corydiidae 51.05 250 Vrsansky et 
al., 2013 
Piniblattella sharingolensis 125.45 All Ectobiidae 33.77 250 Vrsansky et 
al., 2005 
Blattella lengleti 93.5 Genus Blattella 15.32 150 Vrsansky, 
2008 
Periplaneta houlberti 58.7 Periplaneta lineage 24.75 150 Piton, 1940 
Homocladus grandis 275 Mantodea + Blattodea 31.17 390 Béthoux et 
al., 2010 





2.3.1 Molecular phylogeny 
In total, there are 12 phylogenetic trees constructed with Bayesian analysis by MrBayes. I 
mainly reconstruct the evolutionary relationship with those trees by checking and comparing 
the topology.  On family level, most of the trees (Fig. 2.1) (all four trees partition by genes, 
two trees partition with PartitionFinder suggested scenario exclude third codon position 
excluded and one tree partition with codon excluded third codon position using GTR+I+G 
substitution model) suggest two major clades in Blattodea; one includes family Blaberidae, 
Ectobiidae, and Corydiidae, Corydiidae is sister to superfamily Blaberoidea (Blaberidae + 
Ectobiidae); the other clade is the superfamily Blattoidea (including family Blattidae, 
Cryptocercidae, and Epifamily Termitoidae), and family Blattidae is sister to cluster 
Cryptocercidae + Termitoidae.  Three trees (two trees partition with PartitionFinder 
suggested scenario include third codon position and one tree partition with codon excluded 
third codon position using GTR+G substitution model) suggests family Corydiidae is sister to 
all other Blattodea; in this topology, all other Blattodea split into two major clades, 
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Blaberoidea, and Blattoidea (Blattidae + (Termitoidae + Cryptocercoidae)).  However, two 
trees with Partition suggested by PartitionFinder include the third codon are not very robust 
since Tracer suggest that they have insufficient length of generations (Table 2.5).  Moreover, 
the tree partition with codon has low nodal confidence (posterior probability = 0.6775) of 
basal Blaberoidea and Blattoidea.  The rest two trees (two trees partition with codon include 
third codon position) suggest clade Termitoidae + Cryptocercoidae is sister to all other 
Blattodea.  Blattidae is sister to Blaberoidea, and Corydiidae is sister to Blattidae + 
Blaberoidea. However, one of the trees (partition with codon include third codon position 
using GTR+I+G substitution model) shows low nodal confidence in basal Corydiidae and 
Blattidae + Blaberoidea (posterior probability = 0.5213) and basal Blattidae + Blaberoidae 
(posterior probability = 0.5373). 
 
Within a family level, all trees are consistent in family Corydiidae, in which Arenivaga is 
sister to all other Corydiidae.  The rest Corydiidae form two clades, one is Therea + Ergaula 
and the other is Eupolyphaga + (Heterogamodes + Polyphaga). 
 
In family Blattidae, all trees suggest Eurycotis (subfamily Polyzosteriinae) is sister to all 
other Blattidae in this study (subfamily Blattinae).  In addition, most trees suggest 
paraphyletic Periplaneta to Shelfordella, Neostylopyga, and Blatta except that one tree 
(partition with PartitionFinder include third codon using GTR+I+G substitution model) 
suggest polyphyletic Periplaneta but with relatively low nodal confidence (posterior 
probability = 0.8994). 
 
In family Ectobiidae, all trees suggest Ishnoptera is sister to all the other Ectobiidae; 
Parcoblatta and Asiablatta form a cluster (Ectobiidae A) in which Parcoblatta is 
 33 
 
Chapter 2 Cockroach Phylogeny 
paraphyletic to Asiablatta. The relationship between Ectobiidae A, Symploce and Blattella is 
ambiguous that five out of 12 trees suggest Blattella is sister to Symploce + Ectobiidae A, 
however, seven out of 12 trees suggest Ectobiidae A is sister to Symploce + Blattella. In 
general, trees with latter topology are with higher nodal confidence. 
 
In family Blaberidae, most trees suggest three major clades.  I named those clades as 
Blaberidae A, B, and C. In each clade, the topology is consistence across all trees.  
Blaberidae A includes most genus (Blaberus, Archimandrita, Byrsotria, Blaptica and 
Eublaberus) from subfamily Blaberinae, genus Schultesia, Gyna and Panchlora. In 
Blaberidae A, Blaberinae genus and genus Schultesia form one cluster, Gyna and Panchlora 
form the other.  Blaberidae B is sister to Blaberidae A according to most of the trees; 
Blaberidae B includes genus Pycnoscelus and all genus from subfamily Epilamprinae 
(Opisthoplatia and Epilampra in this study), which is paraphyletic to Pycnoscelus.  
Blaberidae C is sister to Blaberidae A and B; this clade includes gnus Diploptera, one genus, 
Lucihormetica, from subfamily Blaberinae and genus (Gromphadorhina, Eliptorhina, 
Aeluropoda, and Rhyparobia) of subfamily Oxyhaloinae.  Genus Diploptera is sister to all 
other genus in Blaberidae C; subfamily Oxyhaloinae is paraphyletic to genus Lucihormetica; 
and genus Eliptorhina is paraphyletic to genus Aeluropoda.  Four out of 12 trees (two trees 
partition with PartitionFinder scenario include third codon position and two trees partition 
with codon include third codon position) suggest topological difference from above; they 
suggest Blaberidae B and C are sisters, Pycnoscelus + Opisthoplatia is sister to Cluster 
Blaberidae A + C; Epilamopra is sister to all the other Blaberidae. 
 
About the genus Blattella, all the trees are consistent with high nodal confidence that closest 
relative of the German cockroach, Blattella germanica, is the Asian cockroach, Blattella 
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asahinai compare to all other Asian Blattella species.  Two Blattella species found in East 
Asia and Southeast Asia, Blattella bisignata and Blattella lituricollis, are sister to each other 
and form a cluster sister to Blattella germanica + Blattella asahinai.  
 
2.3.2 Molecular clock analysis 
The divergent time of each major clades of order Blattodea is analyzed based on the complete 
mitochondrial genome with first and second codon positions and calibrated with nine fossil 
records (Fig. 2.2).  The tree is identical to the majority of trees with different partition 
scenarios.  The dating tree follows that there are two major clades (Blaberoidea + Corydiidae, 
and Blattoidea) in order Blattodea.  The divergence of mantises, order Mantodea, and 
cockroaches, order Blattodea, was estimated to be occurred 293 million-year-ago (Ma) (275-
328 Ma 95% confidence interval [CI]).  Common ancestors of all extant cockroach species 
can be traced back to 246Ma (220-278 Ma 95% CI).  Superfamily Blattoidea diverged from 
all other Blattodea around 231 Ma (203-260 Ma 95% CI).  The divergence of superfamily 
Corydioidea and superfamily Blaberoidea was occurred around 234 Ma (207-264 Ma 95% 
CI).  In superfamily Blattoidea, clade Cryptocercoidae + Isoptera formed around 202 Ma 
(173-233 Ma 95% CI), then the most recent termite common ancestor occurred around 171 
Ma (149-199 Ma 95% CI).  Most recent common ancestor for family Corydiidae occurred 
around 178 Ma (92-223 Ma 95% CI).  Family Blaberidae and family Ectobiidae diverged 
around 192 Ma (169-218 Ma 95% CI).  Most recent common ancestor for extant species in 
family Ectobiidae occurred around 152 Ma (130-177 Ma 95% CI), exclude Anallacta.  Most 
recent common ancestor for extant species in family Blaberidae occurred around 152 Ma 
(125-180 Ma 95% CI), exclude Nauphoeta.  
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Fig. 2.1. Phylogenetic tree of order Blattodea reconstructed with complete mitochondrial genome using Bayesian analysis with 10,000,000 
generations. Nodal labels indicate Bayesian posterior probability.  Major clades are color-coded as displayed on the top-right corner.  
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For genus Blattella, it diverged from other Ectobiidae around 96 Ma (93.5-103 Ma 95% CI).  
The divergence of the German cockroach, Blattella germanica and the Asian cockroach, 
Blattella asahinai occurred at 7 Ma (4-12 Ma 95% CI); and those two species diverged from 
other Blattella species in Eastern Asia 21 Ma (15-31 Ma 95% CI).  
 
2.1 Discussion 
2.4.1 Cockroach phylogeny 
My results show that analysis with complete mitochondrial genomes, excluding control 
region, is capable of presenting robust phylogeny in different divergence level.  My trees 
show major families within Blattodea are monophyletic to each other.  My results confirmed 
that there are three superfamilies in Blattodea (Corydioidea, Blaberoidea and Blattoidea) 
(Beccaloni & Eggleton, 2013).  My phylogeny shows that the divergence occurred between 
Blattoidea and Corydioidea + Blaberoidea first, and then the divergence occurred between 
Corydioidea and Blaberoidea.  However, the nodal confidence of those divergences, 
especially between Blaberoidea and Corydioidea is relatively low (Fig. 2.1).  Moreover, the 
time of divergence was close among those superfamilies (divergence Blattoidea 231 Ma, the 
divergence between Corydioidea and Blaberoidea 234 Ma) (Fig. 2.2).  Therefore, it is highly 
possible that the divergences of those three superfamilies occurred simultaneously.  My 
results also confirmed the position of termites in order Blattodea that they are more related to 
Blattidean species than other cockroach species (Inward et al., 2007; Beccaloni & Eggleton, 
2013; Djernaes et al., 2015).  My result confirmed the sistership of family Blaberidae and 
Ectobiidae, however, cannot confirm the paraphyletic Ectobiidae to Blaberidae as suggested 
by previous researches (Inward et al., 2007; Djernaes et al., 2012; Djernaes et al., 2015).  
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Fig. 2.2 Estimation of age of divergence in order Blattodea with complete mitochondrial genome excludes third codon position for all protein-coding 
genes. The partition scenario for tree construction is determined by PartitionFinder. Scale bar estimates age in millions of years combined with the 
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The placement of three superfamilies in order Blattodea was always disputable.  Some 
suggest Corydioidea is sister to Blaberoidea + Blattoidea (Inward et al., 2007; Ware et al., 
2008).  Some suggest Blaberoidea is sister to Corydioidea + Blattoidea (Pellens et al., 2007; 
Murienne, 2009; Djernaes et al., 2015; Legendre et al., 2015).  And some suggest Blattoidea 
is sister to Blaberoidea + Corydioidea (Lo et al., 2000; Lo et al., 2003), and this was also 
suggested by morphological phylogeny (Grandcolas, 1996). Most phylogenetic studies 
present low nodal confidence in this first divergence in order Blattodea.  The phylogenetic 
trees with PartitionFinder’s optimal partition scenarios and partition with codon show low 
nodal confidence where the divergence of Corydioidea and other Blattodea (0.75 – 0.79) (Fig. 
2.1 & Fig. S2.1c, j, k); however, the trees constructed with individual genes as partition 
present relatively high nodal confidence (0.96 – 0.99) (Fig. S2.1d, e, f, g).  Inconsistency in 
this study and across previous studies may suggest incomplete lineage sorting (Whitfield & 
Lockhart, 2007) due to rapid radiation of the ancestors shared by those three superfamilies. 
 
My results agree that termites and family Cryptocercidae are sister group as indicated in 
previous studies (Inward et al., 2007; Legendre et al., 2008; Ware et al., 2008; Cameron et al., 
2012; Djernaes et al., 2012; Xiao et al., 2012; Djernaes et al., 2015).  Since this study is not 
focusing on the phylogeny in termite, I am not going to discuss deep into the topic.  However, 
in my phylogeny, there is one sample (BWF) identified as Ectobiidae grouped into the 
termites according to mitochondrial genome.  The most probable reason is misidentification 
of that specific specimen.  For all other termite samples, the phylogeny is identical to recently 
published termite phylogenetic studies (Inward et al., 2007; Legendre et al., 2008; Engel et 
al., 2009; Bourguignon et al., 2012; Cameron et al., 2012; Bourguignon et al., 2015).  
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However, my trees indicate Periplaneta americana does not group with other Periplaneta 
species.  Instead it groups with Shelfordella and nested in the cluster of Shelfordella, Blatta 
and Neostylopyga (Fig. 2.1).  Previous molecular phylogentic researches had little for us to 
refer to since they either include only one Periplaneta in the tree or include few other 
Blattidae species.  Only Kambhampati (1995) recorded paraphyletic Periplaneta in family 
Blattidae.  Nodal confidence for correspondent nodes is high.  Therefore, it is possible for the 
paraphyletic Periplaneta since the genus is relatively old (58.7 Ma) according to fossil records 
(Piton, 1940).  
 
In the superfamily Blaberoidea, previous studies suggest paraphyletic Ectobiidae to 
Blaberidae (Inward et al., 2007; Djernaes et al., 2012; Djernaes et al., 2015; Legendre et al., 
2015).  This study shows monophyletic for both Blaberidae and Ectobiidae.  However, the 
result of monophyletic Ectobiidae is because of incomplete sampling.  According to the 
previous phylogeny, there are three major clades in superfamily Blaberoidae (Inward et al., 
2007; Djernaes et al., 2015), partial Ectobiidae (subfamily Ectobiinae and subfamily 
Pseudophylodromiinae), partial Ectobiidae (subfamily Nyctiborinae and subfamily 
Blattellinae) and family Blaberidae. In this study, I only sampled species in subfamily 
Blattellinae.  Therefore, using one subfamily to represent family Ectobiidae, my result can 
not reject the previous conclusion of paraphyletic Ectobiidae to Blaberidae. In this study, 
sample B041 (Nauphoeta cinerea from family Blaberidae) and B057 (Anallacta methanoides 
from family Ectobiidae) form a unique cluster sister to all other Blaberidae species.  I re-
identified both specimens and think this happened because of sequence error caused by poor 
DNA quality. 
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subfamilies from family Blaberidae.  In general, subfamilies are monophyletic, except that 
subfamily Epilamprinae (genus Opisthoplatia and Epilampra) is paraphyletic to subfamily 
Pycnoscelinae (genus Pycnoscelus).  Previous studies showed complicated situation for the 
relationship between subfamilies; cases of paraphyletic and polyphyletic look common 
(Inward et al., 2007).  And those studies suggested Pycnoscelus and Opisthoplatia were not 
clustered together (Inward et al., 2007; Djernaes et al., 2012).  Moreover, Lucihormetica, one 
genus from subfamily Blaberinae falls into a cluster with genus Gromphadorhina from 
subfamily Diplopterinae.  In previous studies, Lucihormetica with other genus in subfamily 
Blaberinae forms a group to be paraphyletic (Djernaes et al., 2012) or polyphyletic (Inward et 
al., 2007) to subfamily Zetoborinae.  Inward et al. (2007) and Djernaes et al. (2012) used the 
same marker to reconstruct the phylogenetic tree, the outcomes were certainly identical. 
  
For genus Blattella, the result of this study agrees with previous studies that the German 
cockroach, B. germanica, is sister to Asian cockroach, B. asahinai, and genetically closer to 
B. asahinai than other Asian Blattella species (Pachamuthu et al., 2000; Mukha et al., 2002).  
This study provides higher nodal confidence and more Blattella species.  Tree topology also 
supports morphological phylogeny that Blattella vaga further diverged from other Eastern 
Asian Blattella.  Therefore, phylogenetic results suggest the origin of the German cockroach 
from the most recent common ancestor with B. asahinai.  And the original habitat of the 
German cockroach before human disturbance was most likely overlap with the natural habitat 
of B. asahinai, which is in South Asia, around the Bay of Bengal and some islands in the 
Indian Ocean (Roth, 1985).  
 
Overall, I compared my phylogeny mainly to studies from Inward et al. (2007) and Djernaes 
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this study and previous ones.  This study provides higher nodal confidence for different levels 
of divergence.  However, previous phylogenies were constructed with a combination of 
mitochondrial genes (COII and 16S) and genomic genes (18S and 28S), which is theoretically 
more comprehensive to display the evolutionary relationship especially dealing with a short 
divergence of closely related species (Degnan & Rosenberg, 2009).  
 
2.4.2 Dating of origin and diversification of cockroaches 
In spite of limited number of complete mitochondrial genomes from order Mantodea (only 
Tamolanica tamolana in this study), I estimated the divergence of order Blattodea and 
Mantodea (293 Ma [275-328 Ma 95% CI]) in early Permian, generally agrees with most 
previous studies with more mantis species included (Djernaes et al., 2015; Legendre et al., 
2015), which also suggest origin of order Mantodea in Late Carboniferous to early Permian.  
Latest fossil research also suggested Carboniferous-Permian of divergence of Mantodea and 
Blattodea (Béthoux & Wieland, 2009; Béthoux et al., 2010) instead of Triassic-Jurassic 
diversification as previously suggested (Grimaldi & Engel, 2005).  
 
My results also provide estimated dating for all major lineages of cockroach species, with 
selected fossils to calibrate different divergence level and for most major lineages (Table. 
2.4).  Major discoveries from the molecular dating are the estimated divergence of major 
lineages in order Blattodea.  I discovered that the divergence of three major superfamilies 
was close in time as well as the crown divergence with in superfamily Blattoidea (basal 
divergence in order Blattodea 246Ma [220-278 Ma 95% CI]; divergence of superfamilies 
Blaberoidea and Corydioidea: 234 Ma [207-264 Ma 95% CI]; crown divergence in 
superfamily Blattoidea: 231 Ma [203-260 Ma 95% CI]).  The formation of all those major 
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Triassic extinction (252 Ma).  Even though the disagreement in the order of divergence of 
three superfamily, my results of divergence estimation suggest the same period of time 
compare to what Djernaes et al. (2015) suggested.  There were always disputes about the 
earliest cockroach according to fossils from 315 Ma (Pointon et al., 2012) to 120 Ma 
(Grimaldi & Engel, 2005). Previous studies to Dictyoptera suggest a broad range of origin of 
modern cockroaches (Davis et al., 2009; Rehm et al., 2011).  There were “blattoid” with 
ootheca found in late Carboniferous, and early winged “blattoids” found in Devonian (Zhang 
et al., 2012).  My result suggests the origin of modern cockroaches in early Triassic because 
those fossil “blattoids” may have little association with extant cockroach species, or they 
were ancestors for the whole Dictyoptera and other extant taxa groups.  
 
Dating for the divergence of major clades in termites is a popular topic because the evolution 
of termites was always associated interesting topics, for example, the evolution of eusociality.  
The dating for the divergence of Cryptocercidea and termites in early Jurassic (202 Ma [173-
233 Ma 95% CI]) is earlier than recent studies, which suggest middle Jurassic around 170 Ma 
(Bourguignon et al., 2015) to 185 Ma (Djernaes et al., 2015). However, there were also 
studies made the similar estimation to us (Legendre et al., 2015). But most studies and this 
study rejected earlier estimation with a combination of molecular and morphology that the 
divergence happened in early Triassic (Ware et al., 2010).  Moreover, my dating for crown 
divergence in Isoptera suggests it happened in middle Jurassic (171 Ma [149-199 Ma 95% 
CI]), 20-30 million years earlier than previous studies suggested late Jurassic (Bourguignon 
et al., 2015; Djernaes et al., 2015; Legendre et al., 2015).  Time of divergence for subsequent 
lineages of termites in this study is similar to previous studies suggested.  Since all the 
sequence data was downloaded from GenBank, it is likely that the different fossil calibrations 




Chapter 2 Cockroach Phylogeny 
 
Molecular dating for other major lineages in order Blattodea was rarely discussed in previous 
studies (Djernaes et al., 2015; Legendre et al., 2015).  I made some comparisons with 
Djernaes’ study (2015) and found out that it is possibly due to incomplete sampling for those 
cockroach families.  For example, I suggested divergence of genus Eurycotis, which was the 
crown divergence in family Blattidae in this study, happened in middle Cretaceous; Djernaes’ 
study, which with genus Drymaplaneta and Duchailluia suggested crown divergence in 
Blattidae happened in Late Jurassic, which was still about 80 million years from the 
divergence between Blattidea and Cryptocercidae + Isoptera.  Therefore, to discuss the 
evolution of extant cockroach families with historical context will make a weak conclusion 
unless sampling efforts increase to have comprehensive coverage in that specific cockroach 
family.  But still, even the origin of those cockroach families can be underestimated with 
incomplete samples included, my results contradict to the fossil discovery which suggest the 
Paleocene origin of Corydiidae and Blaberidae (Vršanský et al., 2013).  I calibrated these two 
families with the fossils mentioned by Vršanský, however, the crown Corydiidae and 
Blaberidae was dated to middle Jurassic, which is 90 million years older than Vršanský 
suggested with fossils. 
 
My estimation of speciation of Blattella germanica from Blattella asahinai was 7 Ma.  
However, the age can be overestimated because of recent divergence time (Ho et al., 2005).  
Therefore, the divergence between B. germanica and B. asahinai can be much younger than 
my estimation which is under the context of phylogeny up to order level.  Moreover, B. 
germanica, as worldwide invasive species, experienced a rapid increase of population size; 
and that will further increase the genetic variance as the estimation overlooked the fluctuation 
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in mitochondrial dramatically within 10 million years (Ho et al., 2005), therefore, even I 
applied relaxed clock model for the estimation and a fossil within genus Blattella (Blattella 
lengleti, 93.5 Ma), the actual age for B. germanica and B. asahinai divergence can be much 
younger than my estimation. 
 
2.2 Conclusion 
This study suggests the origin of extant Blattodea can be traced back to late Permian to early 
Triassic (220-278 Ma), about 50 million years after the divergence from order Mantodea 
(275-328).  This study also supported the recent classification of three major 
clades/superfamilies, in order Blattodea, which might form in the biodiversity radiation after 
Permian-Triassic extinction.  This study disagrees with a few phylogenies from previous 
studies, however, provide high nodal confidence.  The discussion of phylogeny robustness 
compare to previous phylogenies should consider that the complete mitochondrial genome, 
though introduced higher nodal support, is a single marker which provide partial information 
to the actual evolutionary process.  Furthermore, both phylogeny and molecular dating 
support the recent divergence of B. germanica and B. asahinai. And this may suggest the 
origin of B. germanica from B. asahinai, or, at least, suggest B. germanica’s original habitat 
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The German cockroach, Blattella germanica, is a cosmopolitan pest, I reviewed the 
distribution and spread in Chapter one.  The development of molecular genetics and related 
analytical methods makes it possible to trace the origin and spread of species worldwide 
distributed.  For the German cockroach, its origin and spread are still disputable in the 
academics; moreover, the historical records can tell only part of the story with inaccuracy that 
may lead by limited knowledge then.  Therefore, it is necessary to review the origin and 
spread of the German cockroach with both historical records and molecular genetic analyzes.  
In the introduction of this chapter, I am going to talk about how genetic approaches may 
suggest origin and spread of German cockroach.  In the following chapters, I will use those 
approaches to testify my hypotheses suggested in Chapter one. 
 
3.1.1 Genetic markers 
There are different markers for population genetic studies.  In order to identify variance 
between individuals, populations or species, those genetic markers should provide sufficient 
polymorphism (Carvalho, 1998).  To provide polymorphism, people developed a variety of 
genetic markers namely allozymes (Hubby & Lewontin, 1966), restriction fragment length 
polymorphisms (RFLPs) (Avise, 2012), amplified fragment length polymorphisms (AFLPs) 
(Vos et al., 1995), randomly amplified polymorphic DNA (RAPDs) (Williams et al., 1990), 
microsatellites (Tautz, 1989) and DNA sequencing (Schlötterer 2004).  There are advantages 
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global population genetics of German cockroach because of their capacity of providing a 
relatively large number of polymorphism.  
 
Microsatellites are genetic markers widely used in population genetic studies, especially 
intra-specific level (Estoup & Angers, 1998).  Microsatellite loci always present high 
variability, with 0.5 or higher heterozygosity proportions (Jarne & Lagoda, 1996).  Moreover, 
microsatellites mutate faster than other genetic markers (Jarne & Lagoda, 1996).  Those 
mutations always involving slippage during replication; there is a relatively large amount of 
polymorphism created (Primmer et al., 1996).  Therefore, the microsatellites are considered 
of high resolution, sensitive genetic marker and applied in studies of kinship, breeding 
systems, paternity analysis, and forensics (Sunnucks, 2000).  Even though considered the 
possibility to be subject linked to loci under selective pressure (Charlesworth et al., 1993), 
microsatellites are used as neutral genetic markers which are randomly cloned and 
unexpressed (Sunnucks, 2000).  Microsatellites are more informative for studying biological 
invasion, whereas sequence data, which is also rich in polymorphism, is more informative to 
make an inference of natural range expansion (Estoup & Guillemaud, 2010). 
 
3.1.2 Population genetic analyzes and invasion route inference 
Tracking origin and spread of invasive species always relies on direct and indirect methods 
(Estoup & Guillemaud, 2010).  However, as I indicated in chapter one, the direct method, 
which is tracking references and records, is not likely to tell a complete story about the 
worldwide spread of German cockroach.  Therefore, indirect methods with population 
genetics needed to be applied.  Population genetics, not only studies the evolutionary 
relationship between populations but focus on the differentiation of populations with 
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within/among population/populations.  According to the degree of differentiation among 
populations, indirect methods of inferring invasion routes can be generally summarized into 
two: one is the construction of dendrograms from genetic distance matrices; the other is 
likelihood assignment or clustering methods (Estoup & Guillemaud, 2010).   
 
Construction of dendrograms from genetic distance matrices was widely used to demonstrate 
the evolutionary relationship among populations, according to which, people can infer the 
invasion route along sampled locations (Estoup & Guillemaud, 2010).  However, the major 
drawback is that this method can only illustrate a simple scenario of single introduction 
events (Estoup & Guillemaud, 2010).  Moreover, due to short divergent time among 
populations, the creditability of topologies was relatively low.  The recent development of 
algorithm introduced models inferring geneflow among populations (Pickrell & Pritchard, 
2012).  This not only increases the robustness of dendrogram topologies but also reflects the 
complexity of biological invasion in reality.  
 
Clustering methods were also widely used to infer the possible invasion routes. Generally, 
according to the clustering results, people can identify which populations were likely to share 
ancestry (Darling et al., 2008) and even admixture events can be detected (Rosenthal et al., 
2008). And this may infer that the routes of different introductions.  There are a few methods 
of clustering available: 
 
People normally use analysis based on allelic richness to identify the genetic identity of each 
pre-defined populations. Two most common ways are the discriminant analysis of principal 
components (PCA) (Hotelling, 1933) and Bayesian clustering. PCA transfer all the allelic 
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be mapped together. However, PCA analyzes overall genetic variance regardless of the 
difference between intra-group samples to inter-group samples (Fisher, 1936). Jombart et al. 
(2010) suggest that discriminant analysis (DA) (Lachenbruch & Goldstein, 1979) should be 
added partition intra-group and inter-group components.  
 
PCA-related analyzes always considered as an alternative or paralleled methods to Bayesian 
clustering, which is more computer-intensive. Bayesian analysis is a type of likelihood 
analysis with constrained parameters as prior (Beaumont & Rannala, 2004). Posterior 
distribution will be calculated with Markov chain Monte Carlo (MCMC), which accept new 
step only the likelihood is higher than the previous step’s (Excoffier & Heckel, 2006). 
Therefore, Bayesian clustering will take pre-defined populations into consideration while 
calculating the most probable scenario of genetic clustering (Marjoram & Tavaré, 2006).   
 
3.1.3 Population differentiation and bio-geographical pattern of invasive species 
spread 
Since the spread of species is genetics associate with geography, Isolation by Distance (IBD) 
is used as an important parameter to identify if other factors interference natural dispersal 
(Wright, 1943).  IBD sometimes can be observed when examining the relationship between 
populations in the range that they can reach (Scott et al., 2005; Endersby et al., 2007; Franck 
& Timm, 2010; Delatte et al., 2010; Wu et al., 2011).  But in a larger geography scale, 
invasive species populations are not subject to IBD and this breakdown in pattern varies with 
geographic scale, due to human-facilitated transportation (Pichon et al., 2006; Roux et al., 
2007; Virgilio et al., 2010; Kirk et al., 2013).  Moreover, interpreted by genetic clustering and 
IBD analysis, the population structure of invasive species may show hints of three different 
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2011).  Of these three patterns, the bridgehead effect is particularly important for urban 
species.  This is because of a sort of “domestication process”, in which the species adapts to 
the new habitat before further spread.  The bridgehead effect can be avoided or reduced when 
the original habitat closely resemble the new habitat, for example from cave dwelling to 
human storage dwelling (King et al., 2014).  It is possible that the German cockroach went 
through the bridgehead effect; however previous studies did testing invasion scenarios.  
Admixture is also a strategy for newly introduced German cockroach individuals to improve 
adaptation by mating with individuals have already established (Verhoeven et al., 2011).    
 
Previous population genetic studies of German cockroach indicate different patterns of IBD 
in different geographical scales.  Cloarec et al. (1999) suggested that there was no 
geographical differentiation among German cockroach populations between two cities 700km 
away in France.  This may suggest potential multiple introduction events may introduce 
German cockroaches to both cities.  Crissman et al. (2010) observed IBD among 18 
populations within city Raleigh, North Carolina, and they suggested possible gene flow 
within apartment building reduced genetic differentiation of those populations within a short 
distance which result to IBD.  Booth et al. (2011) observed no pattern of IBD among 
populations in the agricultural landscape (swine farms) and suggested those populations may 
be structured by unintentional movement by farm workers.  Vargo et al. (2014) observed no 
IBD among populations within the continental United States. However, all those research 
overlooked that different mechanisms may lead to different IBD results in different 
geographical scales.  Moreover, previous population genetic researches analyzed German 
cockroach population structure as invasive species, but they didn’t interpret results with 
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Crissman et al. (2010) suggested aggregates within one building could be considered as one 
cockroach population unit.  If we do not consider the gene flow between buildings, which is 
minimum, according to previous studies (Cloarec et al., 1999; Crissman et al., 2010), it is 
likely that IBD of regional German cockroach can be determined by source 
population/populations of that particular region.  When there is only single source, regional 
spread may display IBD, and vice versa.  Different geographical ranges may have different 
probability to attract multiple introductions.  Therefore, IBD should discuss under certain 
geographical ranges.   
 
I hypothesize three geographical ranges, which should be discussed separately: within city, 
between cities in a country and between countries.  Different IBD in different geographical 
ranges was reported in some urban pest species.  IBD can be observed in regional or nation-
wide geographical scale, for examples: bed bugs (Cimex lectularius Latreille) in eastern 
states of the United States (Saenz et al., 2012); mosquito (Aedes japonicus Theobald) in 
Pennsylvania and adjacent states in the United States (Fonseca et al., 2010); the yellow fever 
mosquito (Aedes aegypti L.) in the mainland of Southeast Asia (Hlaing et al., 2010); 
mosquito (Culex tarsalis L.) in the western states in the United States (Venkatesan & Rasgon, 
2010); the yellow fever mosquito in Brazil (Paduan & Ribolla, 2008); mosquito (Culex 
pipiens L.) in China (Cui et al., 2007), and sandfly (Phlebotomus papatasi Loew) around the 
Mediterranean countries (Hamarsheh et al., 2007).  But in smaller geographical scale, for 
examples: bed bugs in London (Fountain et al., 2014), and house fly (Musca domestica L.) in 
Manhattan, Kansas, United States (Chakrabarti et al., 2010), and larger geographical scale, 
for examples: sandfly from Africa, Middle East and South Asia (Hamarsheh et al., 2009), 
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(Failloux et al., 2002), show weak correlation with the geographical distances.  It seems that 
in either smaller or larger geographical scales, chances of getting multiple introductions are 
higher than medium/regional geographical level.  
 
 
Fig. 3.1 Expected correlation between geographic distance and genetic distance of the 
populations of the German cockroaches. The dash lines represent the correlation in 
countries/regions with relatively longer history of the German cockroach infestation; the solid lines 
represent the correlation in countries/regions with relatively shorter history of the German cockroach 
infestation; the dotted line represents the correlation worldwide. Three graphs below are adopted from 
unpublished population genetic analyses. Those graphs indicate genetic clustering in different 
geographical levels. The populations share more same color/similar proportion of colors are more 
genetically related. 
 
Successful multiple introductions may require the species have a high chance of surviving 
and pre-acquired adaptation to newly introduced place.  Therefore, some suggest in the future 
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homogenizing landscapes/indoor environment (Guillemaud 2011).  Take the German 
cockroach as an example, at small geographical scale, for example within a city, the 
probability of humans transporting cockroaches to a is unlikely to differ 1km to 10km, 
therefore, chance of surviving from transporting from nearer or further source can be equal.  
Moreover, when surviving is not a problem, then the cockroaches from more similar facilities 
to the newly introduced facility is more likely to establish than the once from nearby but less 
similar facilities. This can be easily visualized with the example of a supplier dispatching 
goods with hitch-hiking cockroaches to many restaurants spread across a city; these 
cockroaches will be genetically similar.   
 
IBD may be more important between cities, in part for similar reasons within cities, and so a 
different pattern may emerge.  Humans have more connections within cities than between 
cities; eg restaurant suppliers.  When individuals first introduced to a region, they may need 
relative long time to adapt to the new environment, for example, different climate from the 
source region.  First successfully established population will function as a bridgehead.  Even 
though, multiple introduction events are also occurring, the spread would not be as influential 
as the bridgehead population in that particular region.  Therefore, the individuals from the 
bridgehead population can fast spread and adapt to other cities nearby and then to further 
ones.  In this manner, we may observe regional IBD of German cockroach populations.  
Moreover, since transportation was less efficient and the indoor environment was less 
homogenized back earlier, I expect that regional IBD should be more evident in the locations 
with longer infestation history, such as Europe.   
 
In larger geographical range, for example, a continent, multiple introductions and multiple 
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to different conditions of different countries. Therefore, observing IBD can be difficult. 
3.1.4 Goals and aims 
In this Chapter, I analyzed 8 microsatellite loci of 1679 German cockroaches from 19 
countries around the world. My aims were two-fold: 
 
1. To identify geographical pattern of global population structure of the German 
cockroach. The population structure then can be used to map preliminary spread route 
(specific regions are associated in German cockroach genetic clustering), and to 
examine the spread scenarios. 
 
2. To examine the population differentiation level which can briefly tell us the time of 
divergence/regional expansion of the German cockroach in specific region.   
 
3.2 Materials and methods 
3.2.1 Cockroach sampling 
All 1648 German cockroach samples were collected in 17 countries (Table S3.1) from 5 
continents (Africa, Asia, Australia, Europe and South America).  Some of the samples were 
collected directly from the field; some were lab strains which were collected from the field 
and bred in the lab a few generations.  For the cockroach samples collected in the field, 30-50 
individuals were captured (Methods can be varied according to local PCOs’ preference), then 
killed by immerging into ethanol or other alcoholic medium (hand wash gel, Chinese spirit, 
75% ethanol for medical use) according to availability.  For the cockroaches from lab strains, 
the cockroaches were selected and kill with ethanol.  Once the samples were shipped to the 
lab, I replaced the preserving medium with absolute ethanol to remove corrupted and to 
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extraction.  
3.2.2 DNA extraction  
Cockroach samples were de-frozen and washed with ddH2O before extraction.  For each 
sample, two legs were collected for DNA extraction.  I preserved the rest of the body to 
reserve genetic material for further use.  Legs were put into 2mL Eppendorf tubes and 
homogenized with ceramic beads in OMNI® bead ruptor.  700 mL cetyltrimethyl ammonium 
bromide (2% w/v CTAB), 1.6µL β-Mercaptoethanol and 5 µL proteinase K were added into 
the each tube where smashed tissues were then incubated in 55 °C water bath for 4 hours for 
further digestion.  The homogenate was then extracted with phenol/chloroform/isoamyl 
alcohol (25:24:1) and was centrifuged at 12,000g for 10 min (Chen et al, 2010).  DNA pellets 
were precipitated in 100% isopropanol.  Finally, the DNA pellets were washed in 70% 
ethanol, centrifuged, and air dried. DNA was then re-suspended in 30µL TE buffer 
(10mMTris and 1mM EDTA, pH 8.0) and stored at -20°C (Pachamuthu et al., 2000). 
 
3.2.3 Fragment amplification and analysis. 
Samples were screened at 8 microsatellite loci (Bg-1D5, Bg-A7, Bg-B12, Bg-CO4, Bg-D05, 
Bg-D9, Bg-F7, Bg-G7) (Booth et al., 2007) with multiplexing polymerase chain reactions 
(PCRs).  Forward primers of these microsatellite markers were labeled with fluorescents 
(FAM, VIC, NED, PET accordingly).  All the 8 microsatellites amplified for each sample in 
3 individual multiplexing PCRs (Table S3. 2).  Amplified microsatellites were visualized 
checked with gel electrophoresis; 3µL of the PCR product was mixed with DNA loading dye 
and loaded in 1% agarose gel; the gel then was electrophoresed under 100V for 15 minutes.  
Once the PCR products confirmed by gel electrophoresis, 1 µL of each PCR product was 
added to 10 µL HiDiformamide with Liz600® size standards (Applied Biosystems Inc.).  This 
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At least one control sample (i.e., a sample of known electrophoresis genotype) was included 
in each run to ensure accuracy and consistency of scoring.  To minimize mistakes from the 
difference of each batch, randomization (Meirmans, 2015) was done when designing the 
sample planning for the PCR and following steps.  Allele sizes were scored using 
GeneMapper® Software v3.7 (Applied Biosystems Inc.).  Alleles scoring refers to the 
methods mentioned by Guichoux et al. (2011). 
 
3.2.4 Data validation and basic information 
Microsatellite scorings, the raw data, were compiled and checked with GenAlEx v6.5 
(Peakall & Smouse, 2012), which was also used to check basic statistics (in terms of allele 
frequencies, mean number of alleles per locus [Na], expected [He], and observed [Ho] 
heterozygosity) and as a platform of inter-program format converter.  After checked and 
corrected with GenAlEx, data was then analyzed with Microchecker v2.2.3 (Oosterhout et al., 
2004) for null-allele analysis.  Summary population statistics of each population were 
assessed (departures from Hardy-Weinberg equilibrium (HWE), private allele estimation and 
genotypic linkage disequilibrium) using the GENEPOP v4.0 (Raymond & Rousset, 1995; 
Rousset, 2008).  Suspicious data were double checked in GeneMapper to confirm that there 
was no scoring error.  I also did PCRs for the suspicious data when necessary.  If the scoring 
still detected as suspicious, I ran parallel analysis without those data to see if that alter the 
results.  
 
To justify putting lab strains and field collected cockroach in one dataset, basic genetic data 
(number of alleles/effective alleles, heterozygosity and inbreeding efficiency (Fis)) from both 
groups were compared with ANOVA and Tukey test implemented in R package agricolae. 
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components (DAPC) analysis implemented in R package “adegenet v. 2.0.0” (Jombart et al., 
2010).  DAPC was run with 130 retained principle components (PCs) and then 10 retained 
discriminant functions analysis.  
 
3.2.5 Genetic structure analysis 
The population structure was investigated using the Bayesian clustering algorithm 
implemented in the STRUCTURE software (Pritchard et al., 2000), all the populations are 
subdivided into K clusters according to their allele distributions.  A range of K from one to 60 
was explored.  I used online software STRUCTURE Harvest v6.39 (Earl and vonHoldt, 
2012) for the delta K method (Evanno et al. 2005) to examine the rate of change in successive 
posterior probabilities over a range of K values.  This measure can provide a better estimation 
of the optimal values of K compared to the maximal value of L(K) returned by 
STRUCTURE.  A few assignments with relatively high delta K value were taken out for 
post-clustering analysis.  Selected assignments contain 20 replications; Clumpp v1.1.2 
(Jakobsson & Rosenberg, 2007) was used to combine those replications to calculate an 
optimal assignment.  Fullsearch algorithm was applied on the assignments that K<5; Greedy 
algorithm was applied on the assignments that 5<K<10; LargeGreedy algorithm was applied 
on the assignments that K>10.  All the unique assignments represented specific Ks were then 
visualized with distruct v1.1 (Rosenberg, 2004).  For the optimal K, which has the highest 
delta K, I mapped the assignment to each population to the geographic coordinates.    
 
3.2.6 Genetic distance analysis 
I calculated genetic distance as Fst/(1-Fst) in a pairwise matrix in GENEPOP v4.0 (Rousset, 
2008).  I created a geographic matrix from coordinates of sample collecting location with km 
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(IBD) (Rousset, 1997).  I used ANOVA with posthoc Tukey tests to test for differences 
between the pairwise Fst values at nine regions (Korea, China, Malaysia, Indonesia, 
Australia, the United States, Europe, Africa and International; International contains pairwise 
Fst between populations do not from the same region, for example, one from Korea and the 
other from China) using the package agricolae in R.  Then Tukey groups were identified with 
Tukey’s HSD (honest significant difference) test implemented in R package “foreign”.  I also 
made further comparisons of regional pairwise Fst to each other using general linear 
hypothesis implemented in R package “multcomp”.  
 
I tested differences between pairs of populations using G tests combined with Fisher’s exact 
tests in GENEPOP for each locus of every pair of populations to check if the populations are 
significantly genetically differentiated from each other. 
 
3.3 Results 
3.3.1 Basic statistics and data quality 
Missing data can affect the robustness of population genetic studies.  In this study, there are 
123 individuals contain missing data, which contribute 7.46% of the total sample size.  Data-
wise, missing data contribute 0.95% of the total data.  Most of the missing data occur on the 
locus D9.  To delete the individuals containing missing data will reduce the samples size 
which may reduce the allelic richness.  To delete the locus that contains most of missing data 
is also risky to provide unbiased information.  In most of the analysis I am using for this 
chapter, contain workarounds for missing data.  Apparently missing data will cause loss of 
allelic richness, heterozygosity, but it will not be more dangerous than deleting the 
individuals or loci.  One of most hazardous consequences of missing data is introducing a 
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after deleting individuals containing missing data.  The result indicates that there is no 
significant change (Table. S3.3).    
 
Null alleles can also be hazardous to data quality by overestimating genetic diversity 
(Chapuis & Estoup, 2006).  In this study, null alleles appeared to be very common throughout 
the whole dataset with a relatively high frequency (see table S3.3 and table S3.4).  All those 
suspective null alleles were because of those alleles displayed excessive homozygosity, 
which was also suggested as heterozygosity deficiency across most of the loci across all 
populations by Hardy-Weinberg exact global test implemented in GENEPOP.  Producing 
microsatellite data involves intensive work of scoring; therefore, mistakes from scoring can 
happen and can be reflected on private allele frequency.  High private frequency may also 
indicate recent bottleneck effect. In this study, the private allele can be detected in 17 out of 
59 populations with a mean frequency of 0.0362.  Linkage disequilibrium was detected in six 
out of 28 pairs of loci (21%) (Table S3.5). 
 
Normally, null alleles should not exceed 30% in any one allele and linkage disequilibrium 
should be absent or rare.  Since the German cockroach is always under the intensive 
management of human being, mainly pest control operations.  The bottleneck effect and 
fluctuation of population size may lead to a lack of genetic diversity and excess of 
homozygosity from inbreeding or selection from insecticides.  I decided to preserve all eight 
loci for subsequent analyzes, some of the samples contain missing data in more than two loci 
were deleted.  Linkage disequilibrium for my data should be because of lack of genetic 
diversity rather than real linkage in chromosome since the linkage analysis has been done by 
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Number of alleles per locus (Na) indicate low genetic variance of all populations from 2.75 
(Kiev) to 10.63 (Singapore) (Table 3.1).  I found that in my samples, most of the molecular 
variation was in individual (68%, Fit = 0.317), followed by among individuals within 
populations (16%, Fis = 0.191), and among populations (16%, Fst = 0.156) (Table S3.6).  
Observed heterozygosity (Ho), ranged from 0.337 (Trutnov, Czech) to 0.757 (White Eagle, 
Oklahoma), and was lower than what was expected (He), which ranged from 0.425 to 
0.787(Table 3.1), for most populations.  There are three populations (OC, Orange California, 
WO, White Eagle, Oklahoma, and NV, Norfolk, Virginia) show higher Ho than He.  All 
populations seemed to be inbred, except three populations (OC, Orange California, WO, and 
NV, Norfolk, Virginia), as the inbreeding coefficient (Fis) ranged from -0.074 (OC) to 0.431 
(TR) (Table 3.1).  Those three exceptions may because of very recent bottleneck effect.  
 
My samples were collected from both field populations and lab strains; lab strains tend to loss 
genetic variance compare to field strains according to their smaller number of effective 
alleles (Ne) and lower observed heterozygosity (He) (Table 3.1 and Fig. 3.2).  Both effective 
number of alleles (allelic richness) and heterozygosity are significantly lower (p-value equals 
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Table 3. 1. Basic genetic statistics for the German cockroaches in the world. Na is the mean 
number of allele in each locus; Ne is the effective number of alleles; Ho is the observed 
heterozygosity; He is the expected heterozygosity; Fis is the inbreeding coefficient. 
Populations ID Location N Na Ne Ho He Fis 
 
BS Busan 29.500 5.125 2.626 0.462 0.550 0.172 
JJ Jeju 28.500 4.625 3.049 0.485 0.615 0.164 
SO Seoul 28.625 4.000 2.597 0.491 0.553 0.093 
SY Shenyang 30.000 9.625 5.054 0.479 0.703 0.333 
BJ Beijing 30.000 7.875 4.106 0.471 0.689 0.283 
XA Xi’an 30.000 7.875 3.851 0.508 0.687 0.276 
CQ Chongqing 30.000 8.875 4.696 0.604 0.743 0.184 
CS Changsha 30.000 8.125 4.362 0.654 0.738 0.130 
NJ Nanjing 30.000 9.125 5.094 0.521 0.714 0.297 
SH Shanghai 24.750 8.000 3.948 0.488 0.655 0.247 
GZ Guangzhou 30.000 8.750 4.626 0.575 0.686 0.143 
SZ Shenzhen 25.000 8.875 5.102 0.640 0.758 0.167 
KL Kuala Lumpur 19.500 9.250 5.377 0.586 0.787 0.266 
SG Singapore 38.000 10.625 4.781 0.500 0.751 0.333 
SI Singapore 29.750 8.625 5.128 0.667 0.778 0.145 
AC Aceh 30.000 5.875 2.900 0.471 0.610 0.238 
BG Bengkulu 29.875 7.250 4.156 0.569 0.690 0.160 
PL Palembang 29.375 6.625 3.339 0.502 0.646 0.236 
LP Lampung 29.500 6.125 4.085 0.572 0.708 0.176 
JK Jakarta 28.625 6.125 3.549 0.503 0.670 0.237 
PD Bandung 29.875 8.625 5.394 0.577 0.771 0.224 
SB Surabaya 29.750 5.500 3.291 0.647 0.660 0.011 
SR Samarinda 30.000 7.375 3.812 0.529 0.678 0.233 
MK Makassar 29.750 4.625 3.094 0.513 0.622 0.161 
MB Maryborough 30.000 5.750 3.639 0.583 0.690 0.138 
BB Brisbane 12.000 2.875 2.071 0.385 0.467 0.098 
SN Sydney 29.750 4.875 2.618 0.475 0.563 0.136 
BI Bio-agri 14.000 6.750 4.132 0.696 0.703 0.020 
PR Puerto Rico 29.750 8.875 5.155 0.714 0.768 0.070 
HW Hawaii 9.875 3.875 2.783 0.597 0.584 0.000 
LA Los Angeles 13.000 6.625 4.043 0.692 0.697 0.032 
OC Orange, California 8.000 3.500 2.536 0.578 0.528 -0.074 
CC Comptom, California 28.500 8.625 4.792 0.627 0.726 0.123 
GF Gainesville, Florida 27.500 9.500 4.540 0.726 0.743 0.024 
BT Bryan, Texas 30.000 8.625 4.657 0.696 0.722 0.035 
LU Baton Rouge, Louisiana 21.750 7.625 4.174 0.592 0.691 0.120 
WO White Eagle, Oklahoma 28.250 8.875 4.935 0.757 0.718 -0.066 
GI Gray, Indiana 29.750 8.500 4.155 0.612 0.698 0.102 
GM Minneapolis 29.750 8.875 4.049 0.554 0.723 0.234 
CO Cleveland 27.000 6.500 3.229 0.620 0.627 0.049 
NV Norfolk, Virginia 29.875 7.000 3.850 0.735 0.702 -0.046 
RV Richmond, Virginia 29.875 6.625 3.801 0.657 0.677 0.032 
GV Griffin, Georgia 28.500 7.500 4.695 0.678 0.723 0.064 
R1 Raleigh, North Carolina 29.625 5.000 2.495 0.480 0.529 0.106 
R2 Raleigh, North Carolina 29.000 8.125 4.479 0.659 0.748 0.119 
R3 Raleigh, North Carolina 30.000 9.250 4.978 0.742 0.769 0.036 
HN Hickory, North Carolina 29.625 9.750 5.040 0.706 0.753 0.064 
BL Bijlmer 29.875 6.500 3.884 0.565 0.695 0.168 
MO Monheim 29.625 4.250 2.648 0.368 0.556 0.293 
TR Trutnov 27.000 5.375 2.472 0.337 0.565 0.431 
KV Kiev 29.375 2.750 1.885 0.421 0.425 0.006 
CR Crimea 29.500 3.625 2.378 0.431 0.496 0.130 
MS Moscow 29.875 4.250 2.707 0.431 0.558 0.218 
TM Tomsk 29.500 6.250 3.597 0.501 0.597 0.121 
TH Tehran 29.625 4.500 2.550 0.423 0.507 0.202 
MR Tantan 30.000 4.125 2.876 0.450 0.627 0.274 
BD Addis Ababa 30.000 8.000 4.232 0.604 0.696 0.113 
AA Bahir Dar 30.000 8.750 4.653 0.600 0.708 0.129 
GH Ghana 29.125 5.375 2.622 0.389 0.581 0.331 
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Fig. 3.2. Comparisons between field-collected populations and lab strains of the German 
cockroach. a) Number of effective alleles; b) Heterozygosity 
 
The genotypic distance of each individual was indicated in the PCoA plot (Fig. 3.3).  
According to the PCoA plot, all individuals form a single cloud with a slight tendency of 
divergence into two directions (MO and TM from Russia; BS, JJ and SO from Korea).  
 
3.3.2 Bayesian clustering 
STRUCTURE analysis, with the 59 populations, found there were most likely to be three 
genetic clusters (K = 3, delta K = 3.493) in the world (Table S3.7).  It is also possible that the 
world’s German cockroach populations can be clustered into other numbers of clusters with a 
bit lower delta K values (K = 2, delta K= 3.318; K = 6, delta K = 1.103; K = 18, delta K= 
1.575; K = 27, delta K= 1.541; K = 33, delta K= 1.017; K = 51, delta K= 1.267).  Bar plots 
(Fig. 3.4) indicate slight geographical segregation of genetic clusters.  When I look at the bar 
plot of K = 3, I can find dominant genetic cluster for specific regions.  Populations in Korea, 
North China (SY, BJ and XA), Western Europe (BL, MO and TR), Iran and Bandung, 
Indonesia (PD) are dominated Genetic Cluster A, indicated as pink in Fig. 3.5.  Populations 
in Puerto Rico, US (except for WO, GV and R1), Ukraine, Russia, Morocco and Brisbane, 
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Populations in South China (CQ, CS, NJ, SH, GZ and SZ), Malaysia, Singapore, Indonesia 
(except for PD), Australia (except for BB), Brazil, Ethiopia, Ghana and three cities of the 
United States (WO, GV and R1) are dominated by Genetic Cluster C, indicated as dark blue 
in Fig. 3.5.  When the K increase, some populations stand out as single genetic clusters, 
which are mostly seen in populations from Indonesia, Australia, and Europe; some other 
populations in the same region still remain homogenized of genetic clusters, for example, 
populations from Korea, China, and US.    
 
 
Fig. 3.3. PCoA plot of 59 German cockroach populations worldwide. Bottom left indicates 
retained principle components (PC); bottom right indicates retained discriminant functions analysis 
(DA). For the abbreviation, please refer to Table. 3.1. 
 63 
 
Chapter 3 Global population genetics 
 
 
Fig. 3.4. Visualization of genetic clustering for the German cockroach populations 
worldwide. K is the number of clusters. Populations are placed from according to 
geographical locations, from East Asia to Southeast Asia to Australia to South America to 
North America to West Europe to East Europe to the Middle East to Africa. For the 
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Fig. 3.5. Three major genetic clusters of the German cockroaches mapped to the collection locations.  Each pie chart indicates a population I sampled, 
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3.3.3 Population differentiation and distance analyses 
The pairwise Fst values were used to evaluate the diversification/differentiation of 
populations; they range from a low of 0.014 between Hickory, North Carolina (HN) and 
Comptom, California (CC), to a high of 0.430, between Kiev (KV) and one population in 
Raleigh (R1) (Table S3.8).  The majority, 1710 of 1711 the population pairs were 
significantly differentiated.  The exception was the population pair within Ethiopia (AA and 
BD, p = 0.0179) (Table S3.8). 
 
Genetic differentiation was positively correlated with geographic distance; the Mantel test of 
isolation by distance had a slope of 0.125 (p = 0.0002) (Fig. 3.6).  Genetic divergence varied 
from different regions (Fig. 3.7).  HSD test suggested two Tukey groups and one intermediate 
group.  The group with higher pairwise Fst contains population pairs in Australia, Europe and 
International.  The intermediate group contains population pairs in Africa and Indonesia.  The 
group with lower pairwise Fst contains population pairs in the US, Malaysia, China and 
Korea.          
 
Regional pairwise Fst is highest in Europe and Australia, lowest in Korea, China and 
Malaysia.  International pairwise Fst cover the widest range and has the highest pairwise Fst 
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Fig. 3.6. Isolation by Distance (IBD) of the German cockroach worldwide. The regression indicate 
a Mantel observation (slope) of 0.125 with p = 0.0002.  
 
 
Fig. 3.7. Boxplot of genetic differentiation of the German cockroach in different regions. Regions 
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3.4 Discussion 
Results showed that even though the lack of molecular genetic variance (Table. S3.6), almost 
all the populations of the German cockroaches I sampled are significantly differentiated 
(Table. S3.8).  The German cockroach population structure worldwide can be categorized 
into three major genetic clusters (Fig. 3.4 & Fig 3.5), one predominantly found in Korea, 
North China, Western Europe, Iran and Bandung, Indonesia, one predominantly found in 
Puerto Rico, most of US, Ukraine, Russia, Morocco and Brisbane, Australia and another 
predominantly found in South China, Malaysia, Singapore, Indonesia (except for PD), 
Australia (except for BB), Brazil, Ethiopia, Ghana and three cities of US.  Structure plots also 
indicate the existence of sub-genetic clusters of each of the populations more differentiated 
from others, for example, the populations within Indonesia, Europe and Australia.  Results 
indicate a positive isolation by distance in a worldwide range.  The genetic diversity as 
indicated with pairwise Fst values between populations is higher in some of the regions (Fig. 
3.7) which are likely to have earlier German cockroach infestation according to Chapter one.  
According to Chapter one and two, we know that the German cockroach was most probably a 
specific group of the Asian cockroach or shared a recent ancestor in around the Bay of 
Bengal.  A few centuries ago, the German cockroaches started to be reported in Europe while 
nowhere else around the world have the records.  This suggests that the German cockroach 
was limited in Europe for a relatively long time before it spread to other part of the world.  
Population genetic analysis (Fig. 3.7) also shows that the German cockroach populations in 
Europe have the highest level of divergence (regional pairwise Fst values); this suggests that 
the German cockroach populations in Europe have the longest time to diverge.  Therefore, 
my results seem to indirectly support that the first step of the German cockroach becoming 
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Three genetic clusters dominant specific geographical region (Fig 3.5) instead of randomly 
distributed.  This may suggest a hint of the spread of the species.  Genetic Cluster A, 
indicated as pink in Fig 3.5 and Genetic Cluster B, indicated as green in Fig 3.5 dominant 
Western Europe and Eastern Europe correspondingly.  Possibly, Genetic Cluster A spread 
into Iran and Northern China from Western Europe Source. Genetic Cluster B spread over 
Russian into North China, spread into Morocco, across the Atlantic Ocean into North 
America.  Genetic Cluster C, indicated as blue in Fig. 3.5, dominant populations in The South 
hemisphere.  It is possible that the source was populations in Australia then spread across 
Southeast Asia northwards into South China, and spread into Brazil and sub-Saharan Africa.  
Since Cluster C is relatively minority in Europe, it is possible that the cluster C came from a 
direct invasion from original habitat of the German cockroach into Australia.  However, the 
PCA (Fig. 3.3) shows a unique cloud for all populations, which may suggest single 
introduction or multiple introductions with single domestication event.  Therefore, I speculate 
that the Australian Cluster C dominant populations came from Europe, either from Cluster C 
dominant populations I did not sample or Cluster C not dominant populations but through the 
bottleneck effect.  
 
There are three typical models of human-facilitated spread of invasive species: multiple 
introductions, admixture and the bridgehead effect (Guillemaud et al., 2011).  And those 
models of invasion can be identified by using molecular genetic approaches.  
 
Bridgehead effect is the most conventional model for the species invasion (Lombaert et al. 
2010).  Normally, species was brought out from their natural habitat, and it would take 
generations for them to adapt to the new environment, and to establish the new environment, 
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Martins et al., 2015).  Therefore, the novel invasive species always spend generations to 
adapt and accumulate genetic variance before further spread (Fitzpatrick et al., 2012), for 
example, Europe is considered as the bridgehead of the worldwide spread of the German 
cockroach. Bridgehead effect also can be continuous.  Species was introduced into a 
particular region with a single event; after accumulating large enough population size and 
stability, the species will invade to other part of the region or adjacent regions; as this process 
repeating, the species spread further geographically (Brown et al., 2011).  The most obvious 
population genetics pattern of the bridgehead effect is that you can still observe isolation by 
distance especially in the regional level, for example, the yellow fever mosquito, Aedes 
aegypti (Failloux et al., 2002) and the melon fly, Bactrocera cucurbitae (Virgilio et al., 
2010).  In addition, the population structure in a worldwide scale will show that populations 
from the same region share the same genetic cluster, for example, the Chinese mitten crab, 
Eriocheir sinensis (Hänfling et al., 2002), the yellow fever mosquito, Aedes aegypti (Brown 
et al., 2011) and the melon fly, Bactrocera cucurbitae (Virgilio et al., 2010).  In my study, I 
considered bridgehead effect is the major model of the spread of the German cockroach 
worldwide.  First of all, isolation by distance can be detected in the worldwide scale (Fig. 
3.6).  Second, the genetic clustering indicating three major genetic clusters show regional 
uniqueness with minor exceptions (Fig. 3.5), and those three major genetic clusters may 
indicate three independent major spread of the German cockroach in the world.  
 
When a species was invaded particular region with multiple introductions, the most obvious 
pattern was that the isolation by distance cannot be detected, for example, the spotted 
knapweed, Centaurea stoebe micranthos (Marrs et al., 2008), the Canary Islands St. John's-
wort, Hypericum canariense (Dlugosch & Parker, 2008) and the tree of Heaven, Ailanthus 
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in that particular region belong to different genetic clusters probably identical to where they 
originated, for example, Liposcelis bostrychophila (Mikac & Clarke, 2006), the oriental fruit 
moth, Grapholita molesta (Kirk et al., 2013) and the false brome, Brachypodium sylvaticum 
(Rosenthal et al., 2008).  In this study, populations I sampled in White Eagle (WO), Griffin 
(GV), Bandung (PD), Brisbane (BB) and one population in Raleigh (R1) show different 
genetic clustering from other population in their countries (Fig. 3.4. and Fig. 3.5). This may 
suggest that those populations may originate from a different introduction event compared to 
the rest of the populations I sampled in the country. 
 
Admixture is a situation that invaded populations have gene flow with the populations 
already habituated in the place being invaded (Keller & Taylor, 2010; Verhoeven et al., 
2011).  In some situation, admixture was associated with multiple introductions, especially 
when the “local populations” were the invasive populations from previous introductions 
(Lombaert et al. 2011).  In this particular situation, admixture should present similar pattern 
to multiple introductions, however, lower regional pairwise Fst can be observed.  In this 
study, populations in China and United States present the pattern that indicate admixture 
happening.  The regional pairwise Fst value is relatively low among Chinese populations and 
American populations (Fig. 3.7), and structure plots show the homogenized pattern as K 
increase (Fig. 3.4).  This may indicate that these populations, especially the one in China, 
originated from multiple introductions, however, admixture happened among bridgehead 
populations before nationwide spread. 
 
The spread of the German cockroach is a synergy of multiple invasion scenarios.  According 
to my analyses, the influence from the bridgehead effect was the strongest.  And it seems that 
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where act as “bridgehead” in prior of further expansion.  However, the current pattern is 
altering with the development of transportation technology.  According to other pest species 
(Guillemaud et al., 2011), multiple introduction and admixture are becoming more common 
in the biological invasion.  
 
The timing of spread is also very important for studying the global spread of the German 
cockroach.  However, there are limited approaches for microsatellite data to date the 
divergence of populations during expansion.  Therefore, I present pairwise Fst value as an 
indirect estimation of divergence of populations in this study.  Generally, I considered single 
introduction as the initial spread of the German cockroach in a specific region according to 
the Bayesian clustering results.  So, pairwise Fst value in that specific region reflects the 
divergence of populations, and then I can estimate the how early is the initial introduction 
occur according to the pairwise Fst value in that specific region.  Results (Fig. 3.7) indicate 
that populations in Europe and Australia are most divergent, followed by populations in 
Indonesia, Africa and America.  China, Korea and Malaysia can be the latest region infested 
with the German cockroaches.  However, the time can be over-estimated because of multiple 
introduction events, for example, the Brisbane population may come from a different source 
of the other Australian populations; or under-estimated because of admixture events, for 
examples the situations in China and the United States.  Overall, it looks like that the German 
cockroach, after released from Europe, first established tropical region (Australia, Indonesia 
and Africa), later expand in the United States, China, Korea from either new introductions or 
regionally established populations.  The results from genetic analysis seem not accord to the 
historical records in Chapter one (Fig. 1.1), however, the samples collected then may not well 
represent the current distribution of the German cockroach populations.  Genetic results show 
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early establishment and expansion of German cockroach.  Even though witnessed or captured 
earlier in temperate regions (historical records and museum specimens), the German 
cockroaches can be seasonal, and the German cockroach populations may have limited ability 
to expand throughout the region.  Therefore, the expansion to shape the current distribution in 
the temperate region was occur later as the improvement of indoor environment and 
implementation of heating in urban housing.  
 
3.5 Conclusion 
Using microsatellite population genetics approaches, this study supports the historical records 
of European origin of the domesticated German cockroach before its worldwide expansion.  
This study also indicates three possible major spread of the German cockroach worldwide 
according to Bayesian clustering that there are three major routes brought German cockroach 
around the world.  Moreover, results suggest earlier regional expansion occurred in the 
Tropics as the earlier indoor environment in the temperate zone can not support the expansion 
of the German cockroaches.  The spread of the German cockroach can be a synergy of 
different invasion scenarios, in which the bridgehead effect has the strongest influence.  
However, I can predict the more complicated spread of the German cockroach as more 
admixture and multiple introductions brought in by the improvement of transportation 
technology and indoor environment in the future.
 73 
 
Chapter 3 Global population genetics 
Chapter 4: Population structure of the German cockroach, in 
China 
4.1 Introduction 
The German cockroach, Blattella germanica, is perhaps the most common and cosmopolitan, 
urban pest insect, yet how it acquired this ubiquity over the past few centuries is poorly 
known (Rust et al., 1995).  The species was described by Linnaeus (1767) from a specimen 
acquired in Denmark, after the species became common throughout Europe after the Seven 
Years’ War (1756 - 1763) (Roth, 1985).  This pattern suggests the German cockroach was 
invading and not native in Europe; indeed, there are no other Blattella species found there.  
Instead, the German cockroach is more likely to have arisen in tropical or subtropical Africa 
or Asia, which are centres of diversity for the genus Blattella (Roth, 1985).  Rehn (1945) 
suggested it was from Africa and transported to Europe via Russia.  With more Blattella 
species discovered in Asia, Roth (1985) suggested Asian origin of the German cockroach, 
however, the earliest records of German cockroaches in Asia are one hundred years later than 
those from Europe, such as Sumatra (1877), Borneo (1880), and India (1881) (data collected 
from museum specimens).   
 
The earliest record of the German cockroach from China is later still, collected in 1900 at 
Lake Khanka in Manchuria (near the border with Russia).  This appearance may have been 
related to the construction of the Binsui railway, by Russia, which was part of the Trans-
Manchurian Railway, built to connect Harbin and Suifenhe, and ultimately connected China 
to Vladivostok in Russia.  More specimens were collected elsewhere in China during the 
1930s, especially in cities along the eastern coastline of China associated with foreign trade, 
including foreign concession zones:  Manchuria, Beijing, Tianjin, Hangzhou and Shanghai 
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(Sowerby, 1930), and some from the west of the country: Guiyang (Guizhou province) and 
Leshan (Sichuan province) (Fig. 4.1). Unfortunately, there is almost no information about the 
German cockroach in China from the late 1930s to the late 1950s, due to World War 2, the 
Chinese civil war, and social reforms, such as the ‘Great Leap Forward’.  Then in 1958, the 
Chinese government started a nationwide pest control activity, the Four Pest Campaign.  The 
Four Pest Campaign prioritised and targeted the perceived major pests of the day: ‘the fly’ 
(many species), ‘the mosquito’ (many species), ‘the rat’ (many species) and the sparrow 
(Passer montanus) (Peng, 1987).  The campaign recorded some successes, which caused the 
government to replace the sparrow with the bed bug (Cimex lectularius), and then ‘the 
cockroach’ (many species) (Shapiro, 2001).   
 
When the Four Pest Campaign first targeted the cockroach in the 1990s, the major pest 
species were native to the region. However, this changed over time.  Originally, the major 
pest cockroach species in China were the Japanese cockroach (Periplaneta japonica) and the 
Smokybrown cockroach (P. fuliginosa) (Cornwell, 1968).  These species were replaced by 
the German cockroach due to its growing abundance across China: in 1980 it was found in 10 
provinces (the same 10 as in the 1930s; Woo & Guo, 1984), however, by the late 1990s 
German cockroaches had spread to all 22 provinces (Wang & Mo, 2009).  During this time, 
German cockroaches expanded from transportation systems, such as trains and river-cruising 
ships, into urban buildings (Lian et al., 1960; Wang & Mo, 2009).  
 
Human transportation has been important to the spread of German cockroaches not just 
around China, but around the world (Rust, 1995).  German cockroaches do not fly (Roth, 
1985), which limits their natural dispersal (Owens & Bennett, 1982; Crissman et al., 2010).  
Previous molecular genetics studies have attempted to identify the methods of spread of the 
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German cockroach in France and the United States, however, conclusions were limited; lack 
of genetic diversity, no isolation by distance was detected, and population structure did not 
follow geographic patterns (Mukha et al., 2007; Crissman et al., 2010; Booth et al., 2011; but 
see Vargo et al., 2014).  Spread is difficult to determine using traditional analyses such as 
Isolation by Distance (IBD), because, the indoor living environment of the German 
cockroach is extremely fragmented, and outside of contiguous structures individuals must be 
transported by humans, which reduces the effect of distance (Crissman et al., 2010; Vargo et 
al., 2014).  
 
Fig. 4.1. Map of China showing earliest records of German cockroaches (open circles) and 
collection sites for the current study (Pie charts which indicate genetic proportion of the cities when 
K = 2 [Fig. 4.2]). Records are from museum samples (MNHP = National Museum of Natural History, 
Paris; USMN = National Museum of Natural History, Smithsonian) and official records (compiled by 
Wang & Mo 2002). The solid line indicates the North-South dividing line (the Qin-Huai line), north 
of which central heating was implemented. The dashed lines indicate major railways associate with 
sample sites and were in use before 1985. The boxes on the dashed lines indicate the year of 
completion.   
 
The factors behind the lack of spatial patterns in invasive German cockroach populations are 
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likely the same as those known for species invasion in general: multiple introductions, 
admixture and the bridgehead effect (Guillemaud et al., 2011).  Multiple introductions in 
many locations will complicate spatial patterns, especially isolation by distance.  Admixture, 
the mixing of individuals between spatially separate sub-populations by human 
transportation, produces the same effect.  The bridgehead effect occurs when one invasive 
population becomes the source population for further invasions, instead of the native 
population (Lombaert et al. 2010); which may be especially applicable for the German 
cockroach in China. 
 
There are two major aims of this study.  First, I aimed to characterise the population structure 
of the German cockroach in China, in order to identify the number of introductions, the 
locations of those introductions, and to consider the effects, of multiple introductions, 
admixture, and the bridgehead effect.  Second, I aimed to infer the spread of German 
cockroaches within China; and to identify factors that contributed the spread of the German 
cockroach, which may inform future spread and pest control.   
 
4.2 Materials and methods 
4.2.1 Samples collection and DNA extraction 
The provincial Government Pest Control Operators (PCOs) collected 599 German 
cockroaches from 24 collection locations (buildings) from nine cities of China, three were in 
the traditional ‘North’ of China, and six were in the traditional ‘South’, as determined by the 
Qin-Huai line (Fig. 4.1).  The PCOs collected a minimum of 20 individuals to ensure an 
adequate inclusion of genetic variance (Leberg, 2002) and noted locations with GPS 
coordinates (Table. 4.1).  I included one population from Monheim, Germany in the 
coalescence and admixture analysis as outgroup.  This population contains 30 individuals all 
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from a lab strain (wild-type) provided by a pesticide manufacturer.  I killed and preserved all 
cockroaches in 100% ethanol after capture, and I stored the samples at -80°C.  I extracted 
DNA from the head, limbs and/or thorax of each individual using the CTAB method 
followed by phenol-chloroform purification and isopropanol precipitation (Chen et al., 2010).  
Extracted DNA was then re-suspended with 30mL TE buffer and preserved in -20°C for 
future use. 
 
4.2.2 PCR amplification and genotyping 
Samples were screened at 8 microsatellite loci (Bg-1D5, Bg-A7, Bg-B12, Bg-CO4, Bg-D05, 
Bg-D9, Bg-F7, Bg-G7) followed the PCR protocol by Booth et al. (2007). Samples were 
randomly assigned to different batches of PCRs, to minimize the experiment error and to 
easily detect if there is any contamination (Meirmans, 2015). Multiplex PCRs (see table S3.3) 
were used for the amplification of the markers (Schuelke, 2000).  Fragment analysis was 
done in the ABI3130xl Genetic analyser (Applied Biosystems Inc.).  Liz600 size standards 
(Applied Biosystems Inc.) was loaded every sample for accurate size determination.  At least 
one control sample (i.e., a sample of known genotype) was included in each run to ensure 
accuracy and consistency of scoring.  Allele sizes were visualized and scored using 
GeneMapper® Software v3.7 (Applied Biosystems Inc.). I referred to Guichoux et al. (2011) 
for allele scoring when there was ambiguity. 
 
4.2.3 Data qualification and basic genetic information 
Microchecker (Oosterhout et al., 2004) was used to detect the mistakes and presents of the 
null alleles.  All the mistakes indicated were checked with genotyping data to make sure it 
was not a typographic error.  If the alleles still looked suspicious, the correspondent DNA 
samples were retrieved and the microsatellites were undergone PCR and genotyping again.  
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Potential null alleles were estimated with default test (95% confidence interval and 1000× 
MCMC).  Null allele test were done with and without missing data to decide if individuals 
with missing data should be deleted (Table S4.2a).  Basic statistics such as allelic richness, 
molecular variance and heterozygosity was tested with GenAlEx v6.5 (Peakall & Smouse, 
2012).  Analyses related to Hardy-Weinberg equilibrium such as heterozygosity deficiency, 
inbreeding efficiency (FIS) and linkage disequilibrium (Table S4.1) were done with 
GENEPOP v4.0 (Raymond &Rousset, 1995).  Null allele frequency per locus per population 
and overall private allele frequency (Table S4.2b) were calculated with GENEPOP.  
 
4.2.4 Population structure and admixture analysis 
Bayesian clustering analysis was performed by STRUCTURE v2.3.4 (Pritchard et al., 2000).  
All the samples in 24 pre-defined populations were assigned to different numbers of clusters 
(K).  I set the value of K range from 1 to 25 to test the assignment of the individuals; each K 
assignment was run with 100000 burnin period followed by 10000 MCMC repeats.  All the 
assignments have 20 replications.  The results were then sent to Structure Harvester Web 
v0.6.94 (Earl & vonHoldt, 2012) to find out the Ks that most likely to be the clustering from 
the genetic aspect.  The Ks with highest Delta Ks (Evanno et al., 2005) were then chosen, 
correspondent clump files were downloaded to be analyzed.  The files of each K was chosen, 
which include the 20 replications, was analyzed with the software Clumpp v1.1.2 (Jakobsson 
& Rosenberg, 2007) with Fullsearch algorithm, when K<5; or Greedy algorithm, when 
5<K<10; or LargeGreedy algorithm, when K >10. After optimization with Clumpp with the 
replications, the final data then was visualized with the software distruct v1.1 (Rosenberg, 
2004).  Another set of assignments was done the same way with nine pre-defined population 
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I included spatial mode in clustering of populations using Geneland (Guillot et al., 2012). I 
performed the run with 100000 iterations and 100 thinning.  I selected uncorrelated frequency 
model and null allele model to run with the Bayesian inferences.  
 
Simulation of migration was done with BayesAss v1.3 (Wilson & Rannala, 2003).  Due to 
limited numbers of populations allow in the software, populations from the same city 
compiled as one population in this analysis.  Therefore, instead of detecting migration from 
populations, this analysis presents potential genetic connectivity between German 
cockroaches in different cities.  Default parameters of the program were used for the 
simulation (10 Random seeds, 3000000 iterations, 2000 sampling frequency, 999999 burn-in, 
Delta values were all set as 0.15).   
 
4.2.5   Population differentiation and distance analyses 
I calculated genetic distance as FST/(1-FST) in a pairwise matrix in GENEPOP v4.0 
(Rousset, 2008).  I log transformed both matrices.  I ran a Mantel test with 999 permutations 
using the ade4 package (Dray & Dufour, 2007), and Mantel correlogram (a spatial scale 
specified test) with vegan package (Oksanen et al., 2013), both in R v3.1.3.  For the Mantel 
correlogram, I set number of classes as five to guarantee no breakage along the X-axis, 
otherwise, I used default of all other parameters.  I used ANOVA with posthoc Tukey tests to 
test for differences between the pairwise FST values at five categories of spatial scale using 
the package agricolae in R.  I calculated the FST values (1) within a city in the North (termed 
‘North city’), (2) within a city in the South (‘South city’), (3) between two cities in the North 
(‘North Region’), (4) between two cities in the South (‘South Region’), and (5) between one 




Chapter 3 Global population genetics 
4.3 Results 
4.3.1 Data qualification and basic genetic information 
Microchecker results found three out of eight loci (A7, D9 and C04) had null alleles, due to 
the excess of homozygotes (Table. S4.1).  The excess of homozygotes also suggested as 
heterozygote deficiency across all loci in all populations by Hardy-Weinberg exact global 
test.  Private alleles were detected in some populations with mean frequency of 0.027.  I 
found linkage disequilibrium in six out of 28 pairs of loci (21%) (Table. S4.3).  All the 
samples show low genetic variance, with the mean number of alleles per locus (Na) from 
5.125 (Beijing) to 9.125 (Nanjing) (Table. 4.1).  Most molecular variation was in the 
individual (67%, Fit = 0.321), followed by among individuals within populations (25%, Fis = 
0.267), and the lowest was among populations (8%, Fst = 0.074) (Table. S4.4).  Observed 
heterozygosity (Ho), ranged from 0.243 (Beijing) to 0.667 (Changsha), and was lower for all 
populations than what was expected (He), which ranged from 0.442 to 0.761 (Table. 4.1).  
Tukey tests found that North had significantly lower Na and Ho than the South (Fig. S4.1).  
All populations seemed to be inbred, as the inbreeding coefficient (Fis) ranged from 0.089 
(GZ01) to 0.61 (BJ06) (Table. 4.1).   
 
Results for the German cockroaches in China at first appear problematic.  Normally, null 
alleles should not exceed 30% in any one allele; private alleles, which may suggest scoring 
errors, should be as low that as possible; populations should be in HWE; and linkage 
disequilibrium should be absent or rare.  However, results may be due to the normal living 
conditions of German cockroaches: poor dispersal capacity, avoiding outdoor conditions, and 
intense pest control including insecticides.  These may all lead to bottleneck effects, lack of 
genetic diversity, and excess of homozygosity from inbreeding or selection from insecticides.  
Because all eight markers passed through the linkage test, I decided to preserve these loci for 
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subsequent analyses (Booth et al., 2010). 
Table 4.1. Sampling information and basic genetic statistics for Blatella germanica in China.  
N/S = North (N) or South (S) of “Qin-huai line”; N = number of individuals; Na is the mean number 
of allele in each locus; Ho is the observed heterozygosity; He is the expected heterozygosity; Fis is the 
inbreeding coefficient. 
City  Building 
ID 
N/S Latitude °N Longitude °E N Na Ho He Fis 
Shenyang SY01 N 41.9262 123.4044 25 9.000 0.470 0.678 0.324 
 SY02 N 41.7697 123.4198 23 9.125 0.495 0.761 0.346 
Beijing BJ01 N 39.9567 116.3711 25 6.750 0.465 0.673 0.276 
 BJ02 N 39.9061 116.3764 25 7.750 0.420 0.649 0.324 
 BJ03 N 39.9050 116.2262 24 5.125 0.286 0.442 0.307 
 BJ04 N 40.0069 116.4712 20 6.375 0.304 0.601 0.512 
 BJ06 N 40.0327 116.3048 22 6.250 0.243 0.653 0.610 
Xi'an XA01 N 34.6568 109.2302 25 6.500 0.472 0.632 0.275 
 XA02 N 34.6625 109.2412 26 7.750 0.615 0.743 0.167 
 XA03 N 34.2395 108.9101 25 6.250 0.562 0.672 0.167 
 XA04 N 34.2391 108.9860 25 6.500 0.583 0.710 0.168 
Chongqing CQ01 S 29.5584 106.5743 27 8.375 0.611 0.744 0.177 
 CQ02 S 29.4522 106.5392 25 7.875 0.543 0.678 0.157 
Changsha CS01 S 28.2035 113.0173 22 7.375 0.631 0.704 0.120 
 CS02 S 28.1979 112.9710 21 7.625 0.667 0.752 0.131 
Nanjing NJ01 S 32.0591 118.6279 30 9.125 0.521 0.714 0.297 
 NJ02 S 32.2239 118.7495 25 8.500 0.480 0.702 0.349 
 NJ03 S 31.9537 118.8397 25 9.125 0.560 0.715 0.208 
 NJ04 S 32.3222 118.8214 27 8.125 0.597 0.702 0.123 
Shanghai SH01 S 31.2190 121.4166 25 7.875 0.489 0.651 0.243 
Guangzhou GZ01 S 23.1196 113.6124 27 8.250 0.595 0.683 0.089 
 GZ02 S 23.1261 113.6068 30 8.875 0.629 0.728 0.130 
 GZ03 S 23.0838 113.3174 25 7.875 0.605 0.733 0.180 
Shenzhen SZ01 S 22.5239 114.0325 25 8.875 0.640 0.758 0.167 
 
4.3.2 Bayesian clustering and admixture analysis 
The first STRUCTURE analysis, with the 24 populations, found there were most likely to be 
four genetic clusters (K=4) in China (Fig. S4.2a).  The second STRUCTURE analysis, with 
the nine cities as populations, found there were most likely to be two genetic clusters (K=2) 
(Fig. S4.2b).  A comparison of the bar plots from both analysis showed that they display 
similar clustering pattern; indeed the four genetic clusters were likely derived from the two 
genetic clusters (Fig. 4.2).  These two genetic clusters appear to segregate geographically. 
The genetic cluster more common in the north, with a mean of 68% (range 46% to 90%) of 
all individuals, was rarer in the south, with a mean of 35% (range 23% to 50%).   
 
I used the STRUCTURE plots to infer gene flow between populations and divergence among 
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populations.  A higher admixture of genetic components from different genetic clusters in one 
population usually indicates gene flow and lower divergence.  The pattern of admixture was 
maintained in the STRUCTURE plots for K = 2 and K = 4, which indicated potential genetic 
connectivity – gene flow.  If the pattern changes as the colors increase, this may suggest that 
there is insufficient divergence so some NON-cluster/population specific genetic components 
were applied when clustering. 
 
Geneland (Fig. 4.3) suggested an optimal number of clustering is four (A, B, C, D). Cluster A 
included all populations in Shenyang and Beijing and two populations (XA01 and XA02) in 
Xi'an; cluster B included two populations (XA03, XA04) in Xi'an; cluster C included all four 
populations in Nanjing; and cluster D included all populations in Chongqing, Changsha, 
Shanghai, Guangzhou, and Shenzhen. 
 
 In general, there were low migration rates, especially from cities in the North to ones in the 
South (Table 4.2).  There were just four major migrations showing regional connectivity of 
the German cockroach, one in the North (from Xi’an to Shenyang = 0.145), and three in the 
South (from Chongqing to Shanghai = 0.202, Guangzhou to Shenzhen = 0.114, and Shenzhen 
to Changsha = 0.292).  There were some minor migrations (from 0.012 to 0.047) between the 
North and the South (from Southern cities to Shenyang, from Beijing and Xi’an to Shanghai 
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Fig. 4.2.  Visualization of genetic clustering for the German cockroach populations in China.  Visualization of genetic clustering for the German 
cockroach populations in China. City = individuals from the same city are regarded as one population; Building = individuals from the same building are 
regarded as one population. K is the number of clusters.  Cities are placed from Left/North to Right/South.  The thick black dash line separates North and 
South. Each thin vertical line represents one individual; each column (inside of black vertical lines) represents a population. Abbreviations:  Shenyang SY, 
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Fig. 4.3 Spatial Bayesian clustering of the German cockroach populations in China. Circles 
indicate the cities I sampled, and the numbers in the circles indicate number of populations I sampled 
in those cities. 
 
Table. 4.2.Migration rates of the German cockroach between cities in China.  Numbers shaded 
black show very high migration within cities, numbers shaded with dark grey show moderately high 
migration rates (<0.5 but >0.1) within North or South regions, numbers shaded with light grey show 
low migration rates (<0.1< but >0.01); unshaded numbers have trivially low migration rates(<0.01). 
Abbreviations as in Table 1. 
 To → North   South      
From 
↓  SY BJ XA CQ CS NJ SH GZ SZ 
North SY 0.674 0.001 0.001 0.002 0.003 0.001 0.005 0.001 0.005 
 BJ 0.045 0.987 0.001 0.003 0.004 0.005 0.020 0.001 0.012 
 XA 0.145 0.002 0.991 0.044 0.003 0.003 0.013 0.002 0.020 
South CQ 0.030 0.001 0.001 0.939 0.013 0.003 0.202 0.001 0.010 
 CS 0.004 0.001 0.001 0.002 0.674 0.001 0.005 0.001 0.005 
 NJ 0.022 0.001 0.001 0.002 0.003 0.980 0.006 0.001 0.031 
 SH 0.004 0.001 0.001 0.002 0.003 0.001 0.679 0.001 0.005 
 GZ 0.046 0.002 0.002 0.004 0.005 0.003 0.023 0.991 0.114 
 SZ 0.032 0.004 0.002 0.002 0.292 0.004 0.047 0.001 0.797 
 
4.3.4 Population differentiation and distance analyses 
The pairwise Fst values used to evaluate the diversification/differentiation range from a low 
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Southern cities (Beijing BJ03 and Guangzhou GZ03) (Table S4.5).  The majority, 274 of 276 
the population pairs were significantly differentiated.  The exceptions were two population 
pairs within Xi’an (XA03 and XA04) and Nanjing (NJ01 and NJ02) (Table. S4.5). 
 
Genetic differentiation was weakly, but positively, correlated with geographic distance; the 
Mantel test of isolation by distance had a slope of 0.13 (p = 0.009) (Fig. 4.4a).  However, this 
weak correlation changed with different spatial scales.  The correlation was highest at close 
geographic distances (within 220km:  r = 0.026, p = 0.042), and at greater distances, the 
correlation negative turns negative (r = -0.135, p = 0.030) (Fig. 4.4b).  Genetic divergence 
varied within and between cities and regions (Fig. 4.4c).  Populations within cities were 
significantly less divergent in the South than those in the North.  All other comparisons were 

















Fig. 4.4.  Relationship between genetic distance and geographic distance for the German 
cockroach in China.  Result of Mantel test and Mantel test break at different spatial scales. (a) Plot 
of the distance matrixes with regression from the Mantel tests.  (b) Mantel correlogram shows 
correlation between Genetic distance and Geographic distance in five different spatial scales.  Hollow 
squares = not significant, solid squares = significant (see supplementary data, Table S4.5).  (c) Levels 
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4.4 Discussion 
My results revealed that the German cockroach populations in China can be categorized into 
two clades, one predominantly found in the North and the other found predominantly in the 
South.  Number of alleles and heterozygosity between North and South populations were 
significantly different, which may suggest either heterogeneity or strong bottleneck effects 
(Table 4.1 & Fig. S4.1).  The genetic diversity of the North clade was higher than that of the 
South, and the populations of the North clade were more divergent, as indicated by higher 
pairwise FST value among Northern populations, than those in the South.  According to the 
indication of genetic connectivity in BayesAss migration simulation (Table 4.2), major gene 
flow seemed limited within the clade.  There was a weak positive relationship between 
genetic differentiation and geographic distance among all populations of the German 
cockroach in China.  However, this relationship varies at different spatial scales. 
 
As an invasive species brought in by human transportation to China, the German cockroach is 
similar to other invasive species, whose population structure was determined by the 
introduction events.  The results from the genetic analyses suggest that there were two main 
introductions into China, corresponding to the two major genetic clades in the current 
distribution of the German cockroach in China.  Both STRUCTURE (K = 4) (Fig. 4.2) and 
Geneland (Fig. 4.3) suggest that each clade seems further divergent to two sub-clades: North 
clade to have XA03 + XA04 and the rest of Northern populations; South clade to have 
Nanjing populations and the rest of Southern populations.  If correct, the first introduction 
was in the North, including Shenyang, Beijing and Xi’an, and the second was in the South, 
including Nanjing, Shanghai, Chongqing, Changsha, Guangzhou, and Shenzhen.  The North 
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in the Northern provinces, as the German cockroach was common on trains before the 1960s 
(Lian et al., 1960), or Japan, or other locations.  The origin of the South clade was maybe 
more complicated. There are early records in three ports: Shanghai, Guangxi and Fujian, and 
my results indicated that populations from Shanghai (and Chongqing) were close to the base 
of the South clade (Fig. 4.4a). Given the size and importance of Shanghai over the past 
century, it seems plausible that the South clade entered through Shanghai and spread in South 
China along the Yangtze River (Lian et al., 1960).   
 
An alternative interpretation of my data is that the two clades of the German cockroach all 
derived from one origin, entry from North.  My genetic analysis (Fig. 4c) indicated an earlier 
divergence of the Northern populations than the Southern ones; which suggests the possibility 
of the South clade originating from one or few populations from the North clade.  A small 
population would pass through one or more bottlenecks, which can dramatically change the 
genotypic proportion and combinations (Lee, 2002).  Previous studies of invasive species 
have recorded how the bottle neck effect has changed proportions and combinations of 
genotypes in the diamondback moth, Plutella xylostella in Australia (Saw et al., 2006) and 
the western flower thrips, Frankliniella occidentalis, in China (Yang et al., 2012).  
Unfortunately, there is insufficient historical or genetic data to confirm the single entry 
scenario.  
 
Population structure always has strong correlation with the geographic pattern. Recent 
population genetic studies indicate that other than geographic factors, for example, human 
activities, can strongly influence population structure.  Human activities can be intentional, 
for example in China the annual harvest of the snail Sinotai aquadrata (Gu et al., 2015); or 
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of the Oriental fruit moth, Grapholita molesta by changing the distribution of the moth’s 
preferred hosts (Zheng et al., 2013).  Human influence on the population structure can be 
always observed on invasive species (Fitzpatrick et al., 2012); indeed, human activities do not 
simply influence the population structure, they determine population structure of invasive 
species, especially by introduction events (Piccinali & Gürtler, 2015).  
 
Isolation by distance (IBD) has been found for many insect species in China.  Insect 
populations that display IBD over a large geographical scale are dispersing naturally; because 
this pattern shows a slow and gradual dispersal (Zheng et al., 2013).  Populations that lack 
IBD have some form of non-natural dispersal or other disturbance. Human transportation 
usually disturbs the natural dispersal, best shown by invasive insect species, and a lack of 
IBD, or even a negative IBD; for example, the diamondback moth, Plutella xylostella (Wei et 
al., 2013) and the English grain aphid, Sitobion avenae (Xin et al., 2014).  The degree of 
disturbance or the degree of effect on population structure can vary in different geographical 
distance scales or to different species. Unfortunately, I have little information about the 
spread of the German cockroach in China due to historical factors, therefore, these remain 
unknown.  There is more information for another urban pest in China, the house termite 
Reticulitermes chinensis.  As found for R. chinensis, this species lacks a distinct population 
structure across China, but has some population structure within different cities, probably due 
to human transport of infested building materials and various local factors (Huang et al., 
2013).  
 
In this study, I found higher genetic diversity within population than among populations, 
similar to previous findings of German cockroach populations in France (Jobet et al., 2000), 
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previous findings in France (Cloarec et al., 1999; Jobet et al., 2000) and the United States 
(not below building level) (Booth et al., 2010; Crissman et al., 2011; Vargo et al., 2014).  
This may suggest that all those populations have relatively short divergence history but 
higher level of local growth rate than the migration rate.   
 
From a dispersal aspect, this study observed a nation-wide positive correlation of genetic 
distance and genetic distance, similar to observation in previous nation-wide study, using 
microsatellite, in the United States (Vargo et al., 2014).  However, studies using allozymes in 
France (Cloarec et al., 1999) and restriction fragment length polymorphisms (RFLP) in the 
United States (Mukha et al., 2007) suggested negative correlation.  From studies of similar 
indoor pest species which lack ability to dispersal and live in strict human association, I 
found a few of them using microsatellites suggested nation-wide positive correlation, for 
example, bed bugs, Cimex lectularius, in the United States (Saenz et al., 2012).  Due to their 
limited dispersal ability, there is no possibility to study the natural dispersal of the German 
cockroach across China, thus IBD may seem to be inappropriate for this study.  However, if I 
consider IBD due to natural dispersal represents a constant correlation between genetic 
divergence and dispersal distance, then IBD might be used to estimate human-facilitated 
transportation distances.  This constant correlation can be achieved under the mechanism of 
bridgehead effect with which individuals were radiated from a regional bridgehead 
population by human transportation.  Signs of bridgehead effect can be observed as the 
regionally unique genetic identity, for example the fire ant, Solenopsis Invicta (Ascunce et 
al., 2011).  This regional genetic pattern also can be observed from the genetic clustering 
(Fig. 4.2 and Fig. 4.3) of the German cockroach in China.  Signs of bridgehead effect also 
suggest that the pre-adaptation was essential for the spread of the German cockroach in 
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In this study, IBD was strongest around 45km (Fig. 4.4b), which is a typical distance between 
two cities in China or the radius of a major railway station/port covers.  The railway system 
and river-cruising system in China, which had more advanced power and heat supply than 
normal households (Huang & Zhang, 2010), may have provided a bridgehead for the cold-
intolerant German cockroach.  The rise of German cockroaches in China appears to be related 
to two major factors: improvement of transportation climate systems and improvement of 
building climate systems.  However, there was a gap between the improvements of those two 
indoor climate systems.  How they spread into buildings may have varied according to 
building climate systems, as these differ geographically: central heating in North China and 
air-conditioning in South China. The widespread installation of central heating after World 
War 2 allowed the spread of German cockroaches in Europe (Rehn, 1945; Cornwell, 1968), 
as Blatella is a tropical genus, (Roth, 1985). These building climate systems were installed at 
different times:  central heating during the 1950s to 1970s and air-conditioning during the 
1990s, and I found that the German cockroach established earlier in Northern cities than the 
Southern cities, as shown by the intra-city divergence in North and South (Fig. 4.4c).  
 
Admixture of genetic clusters among all populations (Fig. 4.2) and migration within each 
clade (Table. 4.2) suggest that genetic connectivity may occur during the formation of 
bridgehead populations, which in this study can be interpreted as the introduction of 
individuals cross clades occur in the transportation system. Because the interaction of the 
German cockroach aggregates normally occur within building (Rivault, 1989; Crissman et al., 
2010), such universal pattern of admixture can be hardly caused by individual events of 
migration beyond building level. Instead, entire aggregates from other genetic clusters 
accidentally introduced to the transportation system where habituate the bridgehead 
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admixture.         
 
To answer where and when exactly the German cockroach entered China, I need more 
samples from more locations, including samples from more countries, to increase the 
resolution of my analysis. More samples would also enable detection of the correct number of 
genetic clusters and introductions of the German cockroach in China.  Sampling a larger 
number of cities, including other important trading cities such as Guangxi, Guizhou or Fujian, 
may find other genetic clusters.  Sampling smaller towns around the larger trading hubs may 
identify factors that influence IBD more clearly.  In addition, increasing the loci number can 
compensate for the decreasing number of sampled individuals (Wagner et al., 2013). 
Additional factors of interest may include the evolution of insecticide resistance, especially 
for pest control applications 
 
4.5 Conclusions 
Genetic analysis shows that the German cockroach in China can be grouped into two strains; 
one dominant the North and the other dominant the South. Spread of the North strain may be 
facilitated by the implementation of central heating system during 1960s; South strain was 
not common until 1990s when urban infrastructures were largely developed with the 
implementation of air-conditioning system. Genetic differentiation analysis supports those 
observations and indicates that the improvement of household environment, especially the 
heating system, facilitate the spread of the German cockroach. Moreover, admixture model 
shows that there is more intra-strain genetic connection than inter-strain. This may support 
the position of the transportation system (the vector and the facilities) as the bridgehead of 
the spread of the German cockroach in China. I also compared population diversification with 
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was the major mean of the nationwide spread of the German cockroaches. This study tried to 
find the connection of population genetic analysis and human factors, such as transportation, 










Ame J. M., Halloy J., Rivault C., Detrain C. & Deneubourg J. L. (2006). Collegial decision 
making based on social amplification leads to optimal group formation. Proceedings of 
the National Academy of Sciences. 103, 5835 – 5840. 
Appel, A. G., Reierson, D. A., & Rust, M. K. (1983).Comparative water relations and 
temperature sensitivity of cockroaches.Comparative Biochemistry and Physiology Part A: 
Physiology, 74(2), 357-361. 
Appel, A. G., Eva, M. J., & Snoddy, E. T. (2009). Distribution of the Asian cockroach, 
Blattella asahinai (Dictyoptera: Blattellidae), in Dothan, Alabama. Journal of the 
Alabama Academy of Science, 80(1), 1-9. 
Austin, J. W., Glenn, G. J., Szalanski, A. L., McKern, J. A., & Gold, R. E. (2007). 
Confirmation of Asian cockroach Blatella asahinai (Blattodea: Blattelidae) introduction 
to Texas based on genetics, morphology, and behavior. Florida Entomologist, 90(3), 574-
576. 
Avise, J. C. (2012). Molecular markers, natural history and evolution. Springer Science & 
Business Media. 
Beaumont, M. A., & Rannala, B. (2004). The Bayesian revolution in genetics. Nature 
Reviews Genetics, 5(4), 251-261. 
Beccaloni, G., & Eggleton, P. (2013). Order Blattodea. In: Zhang, Z.-Q.(Ed.) Animal 
Biodiversity: An Outline of Higher-level Classification and Survey of Taxonomic 
Richness (Addenda 2013). Zootaxa, 3703(1), 46-48. 
Beier, M. (1939). Orthopterorumcatalogus. 
Bell, W. J. & Adiyodi, K. G. (1982). American cockroach, Chaoman and Hall. 1-2 




Natural History. John Hopkins University Press, Baltimore London. 
Bennett, G. W., & Spink, W. T. (1968). Insecticide resistance of German cockroaches from 
various areas of Louisiana. Journal of economic entomology, 61(2), 426-431. 
Bernt, M., Donath, A., Jühling, F., Externbrink, F., Florentz, C., Fritzsch, G., ... & Stadler, P. 
F. (2013). MITOS: Improved de novo metazoan mitochondrial genome annotation. 
Molecular Phylogenetics and Evolution, 69(2), 313-319. 
Béthoux, O., Beckemeyer, R. J., Engel, M. S., & Hall, J. D. (2010). New data on Homocladus 
grandis, A Permian stem-Mantodean (Polyneoptera: Dictyoptera). Journal of 
Paleontology, 84(4), 746-753.  
Béthoux, O. & Wieland, F. (2009). Evidence for Carboniferous origin of the order Mantodea 
(Insecta: Dictyoptera) gained from forewing morphology. Zoological Journal of the 
Linnean Society, 156(1), 79-113. 
Bohn, H. (1984). Blatta forcata (Karny), The nearest relative of the Oriental cockroach 
(Blatta orientalis L.) (Insecta: Blattodea: Blattidae). Israel journal of zoology, 33(1-2), 
39-50. 
Bolivar I. (1884). Artrópodos del viaje al Pacíficoverificado de 1862 a 1865 poruna Comisión 
de naturalista senviadapor el Gobierno Español. Insectos Neurópteros y Ortópteros. 
Imprenta de MichuelGinesta, Madrid, 124 pp 
Booth, W., Bogdanowicz, S. M., Prodöhl, P. A., Harrison, R. G., Schal, C., & Vargo, E. L. 
(2007). Identification and characterization of 10 polymorphic microsatellite loci in the 
German cockroach, Blattella germanica. Molecular Ecology Notes, 7(4), 648-650. 
Booth, W., Santangelo, R. G., Vargo, E. L., Mukha, D. V., &Schal, C. (2010). Population 
genetic structure in German cockroaches (Blattella germanica): differentiated islands in 
an agricultural landscape. Journal of Heredity, 102(2), 175-183. 




Evans, T. A. (2015). The evolutionary history of termites as inferred from 66 
mitochondrial genomes. Molecular biology and evolution, 32(2), 406-421. 
Boyer, S., & Rivault, C. (2006). Impact of human activity on the distribution of native and 
non-native cockroach species (Dictyoptera) in La Réunion and Mayotte. Bulletin of 
entomological research, 96(4), 399-406. 
Boyer, S., & Rivault, C. (2003). La Réunion and Mayotte cockroaches: impact of altitude and 
human activity. Comptes rendus biologies, 326, 210-216. 
Brown, J. E., McBride, C. S., Johnson, P., Ritchie, S., Paupy, C., Bossin, H., ... & Powell, J. 
R. (2011). Worldwide patterns of genetic differentiation imply multiple ‘domestications’ 
of Aedes aegypti, a major vector of human diseases. Proceedings of the Royal Society of 
London B: Biological Sciences, 278, 2446-2454. 
Brünnich, M. T. (1763). In E. Pontoppidan, Den Danske Atlas eller Kongenget Dannemark 1: 
679, Copenhagen. 
Burgess, N. R. H. & Chetwyn, K. N. (1979). Cockroaches and the hospital environment. 
Nursing times, 1979, 5-7. 
Cameron, S. L. (2014). Insect mitochondrial genomics: implications for evolution and 
phylogeny. Annual review of entomology, 59, 95-117. 
Cameron, S. L., Barker, S. C., & Whiting, M. F. (2006). Mitochondrial genomics and the new 
insect order Mantophasmatodea. Molecular phylogenetics and evolution, 38(1), 274-279. 
Cameron, S.L., Lo, N., Bourguignon, T., Svenson, G.J. & Evans, T.A. (2012) A 
mitochondrial genome phylogeny of termites (Blattodea: Termitoidae): robust support for 
interfamilial relationships and molecular synapomorphies define major clades. Molecular 
Phylogenetics and Evolution, 65(1), 163–173. 
Cameron, S. L., Sullivan, J., Song, H., Miller, K. B., & Whiting, M. F. (2009). A 




snakeflies) and their relationship to the other holometabolous insect orders. Zoologica 
scripta, 38(6), 575-590. 
Cameron, S. L., & Whiting, M. F. (2007). Mitochondrial genomic comparisons of the 
subterranean termites from the Genus Reticulitermes (Insecta: Isoptera: Rhinotermitidae). 
Genome, 50(2), 188-202. 
Carvalho, G. R. (1998). Molecular ecology: origins and approach. NATO ASI Series A Life 
Science, 306, 1-24. 
Chakrabarti, S., Kambhampati, S., & Zurek, L. (2010). Assessment of house fly dispersal 
between rural and urban habitats in Kansas, USA. Journal of the Kansas Entomological 
Society, 83(2), 172-188. 
Chamberlin, J. C. (1949). Insects of the agricultural and household importance in Alaska with 
suggestions for their control., Alaska agricultural experiment station, 9: 59 
Chapuis, M. P., & Estoup, A. (2007). Microsatellite null alleles and estimation of population 
differentiation. Molecular biology and evolution, 24(3), 621-631. 
Charlesworth, B., Morgan, M. T., & Charlesworth, D. (1993). The effect of deleterious 
mutations on neutral molecular variation. Genetics, 134(4), 1289-1303. 
Chen, A. H. (2013). Complete mitochondrial genome of the double-striped cockroach 
Blattella bisignata (Insecta: Blattaria: Blaberoidea). Mitochondrial DNA, 24(1), 14-16 
Chen, H., Rangasamy, M., Tan, S. Y., Wang, H., & Siegfried, B. D. (2010). Evaluation of 
five methods for total DNA extraction from western corn rootworm beetles. PLoS one, 
5(8), e11963. 
Cloarec, A., Rivault, C., &Cariou, M. L. (1999). Genetic population structure of the German 
cockroach, Blattella germanica: absence of geographical variation. Entomologia 
experimentaliset applicata, 92(3): 311-319. 




Oxford University Press. pp. 171 – 192. 
Cochran, D. G. (1982). Cockroaches – Biology and Control. World Health Organization 
Technical Report. 82(856), 1–53. 
Copeland, M. (2003). Cockroach, Rentokil Library 
Cornwell, P. B. (1976). The cockroach-Volume II. The Rentokil Library, Associated Business 
Programmes, London. 
Crispo, E., & Hendry, A. P. (2005). Does time since colonization influence isolation by 
distance? A meta-analysis. Conservation Genetics, 6(5), 665-682. 
Crissman, J. R., Booth, W., Santangelo, R. G., Mukha, D. V., Vargo, E. L., &Schal, C. 
(2010). Population genetic structure of the German cockroach (Blattodea: Blattellidae) in 
apartment buildings. Journal of medical entomology, 47(4), 553-564. 
Cui, F., Qiao, C. L., Shen, B. C., Marquine, M., Weill, M., & Raymond, M. (2007). Genetic 
differentiation of Culex pipiens (Diptera: Culicidae) in China. Bulletin of entomological 
research, 97(03), 291-297. 
Danchin, E., Giraldeau, L. A., Valone, T. J. & Wagner, R. H. (2004). Public information: 
from nosy neighbors to cultural evolution. Science. 305, 487-491 
Darling, J. A., Bagley, M. J., Roman, J. O. E., Tepolt, C. K., & Geller, J. B. (2008). Genetic 
patterns across multiple introductions of the globally invasive crab genus Carcinus. 
Molecular Ecology, 17(23), 4992-5007. 
Davis, R. B., Baldauf, S. L., & Mayhew, P. J. (2009). Eusociality and the success of the 
termites: insights from a supertree of dictyopteran families. Journal of evolutionary 
biology. 22(8), 1750-1761. 
Degnan, J. H., & Rosenberg, N. A. (2009). Gene tree discordance, phylogenetic inference and 
the multispecies coalescent. Trends in ecology & evolution. 24(6), 332-340. 




Genetic diversity, geographical range and origin of Bemisia tabaci (Hemiptera: 
Aleyrodidae) Indian Ocean Ms. Bulletin of entomological research, 101(04), 487-497. 
Djernæs, M., Klass, K. D., & Eggleton, P. (2015). Identifying possible sister groups of 
Cryptocercidae + Isoptera: A combined molecular and morphological phylogeny of 
Dictyoptera. Molecular phylogenetics and evolution, 84, 284-303. 
Djernaes, M., Klass, K. D., Picker, M. D., & Damgaard, J. (2012). Phylogeny of cockroaches 
(Insecta, Dictyoptera, Blattodea), with placement of aberrant taxa and exploration of out‐
group sampling. Systematic Entomology, 37(1), 65-83. 
Dlugosch, K. M., & Parker, I. M. (2008). Founding events in species invasions: genetic 
variation, adaptive evolution, and the role of multiple introductions. Molecular Ecology, 
17(1), 431-449. 
Donoghue, M. J., & Moore, B. R. (2003). Toward an integrative historical biogeography. 
Integrative and Comparative Biology, 43(2), 261-270. 
Drummond, A. J., & Rambaut, A. (2007). BEAST: Bayesian evolutionary analysis by 
sampling trees. BMC evolutionary biology, 7(1), 214. 
Drummond, A. J., Suchard, M. A., Xie, D., & Rambaut, A. (2012). Bayesian phylogenetics 
with BEAUti and the BEAST 1.7. Molecular biology and evolution, 29(8), 1969-1973. 
Earl, D. A. (2012). STRUCTURE HARVESTER: a website and program for visualizing 
STRUCTURE output and implementing the Evanno method. Conservation genetics 
resources, 4(2), 359-361. 
Endersby, N. M., Hoffmann, A. A., McKechnie, S. W., & Weeks, A. R. (2007). Is there 
genetic structure in populations of Helicoverpa armigera from Australia?. Entomologia 
experimentaliset applicata, 122(3), 253-263. 
Engel, M. S., Grimaldi, D. A., & Krishna, K. (2009). Termites (Isoptera): their phylogeny, 




Ersts, P. J. (2015). [Internet] Geographic Distance Matrix Generator (version 1.2.3). 
Available from http://biodiversityinformatics.amnh.org/open_source/gdmg. Accessed on 
2015.3.30. 
Estoup, A., Baird, S. J., Ray, N., Currat, M., CORNUET, J., Santos, F., ... & Excoffier, L. 
(2010). Combining genetic, historical and geographical data to reconstruct the dynamics 
of bioinvasions: application to the cane toad Bufo marinus. Molecular ecology resources, 
10(5), 886-901. 
Estoup, A., & Angers, B. (1998). Theoretical and empirical considerations. Advances in 
molecular ecology, 306, 55. 
Estoup, A., & Guillemaud, T. (2010). Reconstructing routes of invasion using genetic data: 
why, how and so what?. Molecular Ecology, 19(19), 4113-4130. 
Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the number of clusters of individuals 
using the software STRUCTURE: a simulation study. Molecular ecology, 14(8), 2611-
2620.  
Evans T. A., Dawes T. Z., Ward P. R., Lo N. (2011). Ants and termites increase crop yield in 
a dry climate. Nature Communication, 2,262. 
Evans, T. A., Forschler, B. T., & Grace, J. K. (2013). Biology of invasive termites: a 
worldwide review. Annual review of entomology, 58(1), 455. 
Excoffier, L., & Heckel, G. (2006). Computer programs for population genetics data analysis: 
a survival guide. Nature Reviews Genetics, 7(10), 745-758. 
Facon, B., Genton, B. J., Shykoff, J., Jarne, P., Estoup, A., & David, P. (2006). A general 
eco-evolutionary framework for understanding bioinvasions. Trends in ecology & 
evolution, 21(3), 130-135. 
Failloux, A. B., Vazeille, M., & Rodhain, F. (2002).Geographic genetic variation in 





Falush, D., Stephens, M., & Pritchard, J. K. (2007). Inference of population structure using 
multilocus genotype data: dominant markers and null alleles. Molecular ecology notes, 
7(4), 574-578. 
Fisher, R. A. (1936). The use of multiple measurements in taxonomic problems. Annals of 
eugenics, 7(2), 179-188. 
Fitzpatrick, B. M., Fordyce, J. A., Niemiller, M. L., & Reynolds, R. G. (2012). What can 
DNA tell us about biological invasions?. Biological Invasions, 14(2), 245-253. 
Fonseca, D. M., Widdel, A. K., Hutchinson, M., Spichiger, S. E., & Kramer, L. D. (2010). 
Fine‐scale spatial and temporal population genetics of Aedes japonicus, a new US 
mosquito, reveal multiple introductions. Molecular ecology, 19(8), 1559-1572. 
Fountain, T., Duvaux, L., Horsburgh, G., Reinhardt, K., &Butlin, R. K. (2014). Human‐
facilitated metapopulation dynamics in an emerging pest species, Cimex lectularius. 
Molecular ecology, 23(5), 1071-1084. 
Franck, P., & Timm, A. E. (2010). Population genetic structure of Cydia pomonella: a review 
and case study comparing spatiotemporal variation. Journal of Applied Entomology, 
134(3), 191-200. 
Gadot, M., Burns, E., & Schal, C. (1989). Juvenile hormone biosynthesis and oocyte 
development in adult female Blattella germanica: effects of grouping and mating. 
Archives of Insect Biochemistry and Physiology, 11(3), 189-200. 
Galante, E., & Marcos-Garcia, M. A. (2005). Decomposer Insects. In Encyclopedia of 
Entomology (pp. 665-674). Springer Netherlands. 
Gernhard, T. (2008). The conditioned reconstructed process. Journal of theoretical biology, 
253(4), 769-778. 




population genomics. Genetics 187, 903–917 
Gordon, D. G. (1996). The compleatcockroach. Ten Speed. 
Grandcolas, P. (1996). The phylogeny of cockroach families: a cladistic appraisal of morpho-
anatomical data. Canadian Journal of Zoology, 74(3), 508-527. 
Grandcolas, P., 1998, Domestic and non-domestic cockroaches: facts versus received ideas. 
Revue française d'allergologie et d'immunologie clinique, 38(10): 833-838. 
Grimaldi, D. (2001). Insect evolutionary history from Handlirsch to Hennig, and beyond. 
Journal Information, 75(6). 
Grimaldi, D., & Engel, M. S. (2005). Evolution of the Insects. Cambridge University Press. 
Gu, Q., Zhang, M., Zhou, C., Zhu, G., Dong, J., Gao, Y., ... & Chen, P. (2015). Analysis of 
genetic diversity and population structure of Bellamya quadrata from lakes of middle and 
lower Yangtze River. Genetica, 143(5), 545-554.  
Guichoux, E., Lagache, L., Wagner, S., Chaumeil, P., Léger, P., Lepais, O., ... & Petit, R. J. 
(2011). Current trends in microsatellite genotyping. Molecular Ecology Resources, 11(4), 
591-611. 
Guillemaud, T., Ciosi, M., Lombaert, E., & Estoup, A. (2011). Biological invasions in 
agricultural settings: Insights from evolutionary biology and population genetics. 
Comptes rendus biologies, 334(3), 237-246. 
Gunn, D. L. (1935). The temperature and humidity relations of the cockroach III. A 
comparison of temperature preference, and rates of desiccation and respiration of 
Periplaneta americana, Blatta orientalis and Blatella germanica. Journal of 
Experimental Biology, 12(2), 185-190. 
Hamarsheh, O., Presber, W., Yaghoobi-Ershadi, M. R., Amro, A., Al-Jawabreh, A., Sawalha, 
S., ...& Schönian, G. (2009). Population structure and geographical subdivision of the 




Medical and veterinary entomology, 23(1), 69-77. 
Hamarsheh, O., Presber, W., Abdeen, Z., Sawalha, S., Al‐Lahem, A., & Schoenian, G. 
(2007). Genetic structure of Mediterranean populations of the sandfly Phlebotomus 
papatasi by mitochondrial cytochrome b haplotype analysis. Medical and veterinary 
entomology, 21(3), 270-277. 
Han, Z., Xu, H., Shui, B., Zhou, Y., & Gao, T. (2015). Lack of genetic structure in 
endangered large yellow croaker Larimichthys crocea from China inferred from 
mitochondrial control region sequence data. Biochemical Systematics and Ecology, 61, 1-
7.  
Hänfling, B., Carvalho, G. R., & Brandl, R. (2002). Mt-DNA sequences and possible 
invasion pathways of the Chinese mitten crab. Marine Ecology Progress Series, 238, 307-
310. 
Heal, R. E., Nash, K. B., & Williams, M. (1953). An insecticide-resistant strain of the 
German cockroach from Corpus Christi, Texas. Journal of Economic Entomology, 46(2), 
385-386.  
Hitomi, (1957). Cockroaches prevalent in oversea vessels with special reference to Balattela 
germanica L. Japanes Journal of Sanity Zoology.8, 112-118 (in Jpn with English abstract) 
Hlaing, T., Tun‐Lin, W., Somboon, P., Socheat, D., Setha, T., Min, S., ...& Walton, C. 
(2010). Spatial genetic structure of Aedes aegypti mosquitoes in mainland Southeast Asia. 
Evolutionary Applications, 3(4), 319-339. 
Ho, S. Y. (2009). An examination of phylogenetic models of substitution rate variation 
among lineages. Biology letters, 5(3), 421-424. 
Ho, S. Y., & Lo, N. (2013). The insect molecular clock. Australian Journal of Entomology, 
52(2), 101-105. 




molecular rate estimates and systematic overestimation of recent divergence times. 
Molecular biology and evolution, 22(7), 1561-1568. 
Holbrook, G. L., Armstrong, E., Bachmann, J. A., Deasy, B. M., & Schal, C. (2000). Role of 
feeding in the reproductive ‘group effect’in females of the German cockroach Blattella 
germanica (L.). Journal of Insect Physiology, 46(6), 941-949.  
Hooper, G. H. S. (1969). Toxicology and Physiology of DDT Resistance m the German 
Cockroach. Journal of economic entomology, 62(4), 846-849. 
Hotelling, H. (1933). Analysis of a complex of statistical variables into principal components. 
Journal of educational psychology, 24(6), 417. 
Hu, L., Jianyu, G., Haiyu, L., & Wanzhi, C. (2009). Progress in the researches on insect 
mitochondrial genome and analysis of gene order. Science Foundation in China, 17(2), 
39. 
Huang, M., Wang, Y., Liu, X., Li, W., Kang, Z., Wang, K., ... & Yang, D. (2015). The 
complete mitochondrial genome and its remarkable secondary structure for a stonefly 
Acroneuria hainana Wu (Insecta: Plecoptera, Perlidae). Gene, 557(1), 52-60. 
Huang, Q., Li, G., Husseneder, C., & Lei, C. (2013). Genetic analysis of population structure 
and reproductive mode of the termite Reticulitermes chinensis Snyder. PloS one, 8(7).  
Huang, Y., & Zhang, W. G. (2010). Efficacy of baits to cockroach in the passenger liner. 
Chinese Journal of Hygienic Insecticides & Equipments, 2, 10. (Written in Chinese) 
Hubby, J. L., & Lewontin, R. C. (1966). A molecular approach to the study of genic 
heterozygosity in natural populations. I. The number of alleles at different loci in 
Drosophila pseudoobscura. Genetics, 54(2), 577. 
Hulden, L. & Hulden, L. (2003). Den orientaliska och den tyska kackerlackans ankomst till 
Finland. Entomologisk Tidskrift. 124(4), 201-207 




molecular phylogenetic study confirms that termites are eusocial cockroaches. Biology 
letters, 3(3), 331-335. 
Izutsu, M., Ueda, S. & Ishii, S. (1970). Aggregation effects on the growth of the German 
Cookroach, Blattella germanica (L.)(Blattaria: Blattellidae). Applied Entomology and 
Zoology, 5(3), 159-171. 
Jakobsson, M., & Rosenberg, N. A. (2007). CLUMPP: a cluster matching and permutation 
program for dealing with label switching and multimodality in analysis of population 
structure. Bioinformatics, 23(14), 1801-1806.  
Jeanson, R., & Deneubourg, J. L. (2006). Path selection in cockroaches. Journal of 
experimental biology, 209(23), 4768-4775.  
Jombart, T., Devillard, S., & Balloux, F. (2010). Discriminant analysis of principal 
components: a new method for the analysis of genetically structured populations. BMC 
genetics, 11(1), 94. 
Kambhampati, S. (1995). A phylogeny of cockroaches and related insects based on DNA 
sequence of mitochondrial ribosomal RNA genes. Proceedings of the National Academy 
of Sciences, 92(6), 2017-2020. 
Karl, J. W., Herrick, J. E., Unnasch, R. S., Gillan, J. K., Ellis, E. C., Lutters, W. G., & Martin, 
L. J. (2013). Discovering ecologically relevant knowledge from published studies through 
geosemantic searching. BioScience, 63(8), 674-682. 
Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., ... & 
Drummond, A. (2012). Geneious Basic: an integrated and extendable desktop software 
platform for the organization and analysis of sequence data. Bioinformatics, 28(12), 1647-
1649. 
Keller, S. R., & Taylor, D. R. (2010). Genomic admixture increases fitness during a 




King, G. A., Kenward, H., Schmidt, E., & Smith, D. (2014). Six-legged hitchhikers: an 
archaeobiogeographical account of the early dispersal of grain beetles. Journal of the 
North Atlantic, 23, 1-18. 
Kirk, H., Dorn, S., & Mazzi, D. (2013). Worldwide population genetic structure of the 
oriental fruit moth (Grapholita molesta), a globally invasive pest. BMC ecology, 13(1), 
12. 
Kômoto, N., Yukuhiro, K., Ueda, K., & Tomita, S. (2011). Exploring the molecular 
phylogeny of phasmids with whole mitochondrial genome sequences. Molecular 
phylogenetics and evolution, 58(1), 43-52. 
Kurokochi, H., Saito, Y., & Ide, Y. (2014). Genetic structure of the introduced heaven tree 
(Ailanthus altissima) in Japan: evidence for two distinct origins with limited admixture. 
Botany, 93(3), 133-139. 
Krafsur, E. S., Cummings, M. A., Endsley, M. A., Marquez, J. G., & Nason, J. D. (2005). 
Geographic differentiation in the house fly estimated by microsatellite and mitochondrial 
variation. Journal of Heredity, 96(5), 502-512. 
Kutrup, B. (2003). Cockroach infestation in some hospitals in Trabzon, Turkey. Turkish 
Journal of Zoology, 27(1), 73-77. 
Lachenbruch, P. A., & Goldstein, M. (1979). Discriminant analysis. Biometrics, 35,69-85. 
Landau, I., Müller, G., & Schmidt, M. (1999). The Urban Pest Advisory Service of Zurich 
(Switzerland) and the situation of some selected pests. In Proceedings of the Third 
International Conference on Urban Pests, Czech Republic: Grafické závody Hronov.  
Lanfear, R., Calcott, B., Ho, S. Y., & Guindon, S. (2012). PartitionFinder: combined 
selection of partitioning schemes and substitution models for phylogenetic analyses. 
Molecular biology and evolution, 29(6), 1695-1701. 





Lee, C. Y., Yap, H. H., Chong, N. L., & Lee, R. S. T. (1996). Insecticide resistance and 
synergism in field collected German cockroaches (Dictyoptera: Blattellidae) in Peninsular 
Malaysia. Bulletin of Entomological Research, 86(06), 675-682.  
Legendre, P. & Legendre, L. (2012), Numerical ecology. 3rd edn. Elsevier Science BV: 
Amsterdam. 
Legendre, F., Nel, A., Svenson, G. J., Robillard, T., Pellens, R., & Grandcolas, P. (2015). 
Phylogeny of Dictyoptera: dating the origin of cockroaches, praying mantises and 
termites with molecular data and controlled fossil evidence. PloS one, 10(7), e0130127. 
Li, Y., Gunter, N., Pang, H., & Bocak, L. (2015). DNA‐based species delimitation separates 
highly divergent populations within morphologically coherent clades of poorly dispersing 
beetles. Zoological Journal of the Linnean Society, 175(1): 59-72 
Lian, W., Zhou, J., Zhou, Q., Qiu, C., & Xu Y. (1960). Investigation of cockroaches in 
transportation system. Dongwuxue Zazhi. p. 222 –226 (Written in Chinese) 
Liang, T., Zhu, J., & He, S. (2004). Characteristics of the German cockroach infestation in 
China. Zhonghua Weisheng Shachong Yaoxie. 10, 191-192 (Written in Chinese)  
Lihoreau, M., Costa, J. T., & Rivault, C. (2012). The social biology of domiciliary 
cockroaches: colony structure, kin recognition and collective decisions. Insectes sociaux, 
59(4), 445-452. 
Lihoreau, M., Deneubourg, J. L., & Rivault, C. (2010). Collective foraging decision in a 
gregarious insect. Behavioral ecology and sociobiology, 64(10), 1577-1587. 
Lihoreau, M., & Rivault, C. (2010). German cockroach males maximize their inclusive 
fitness by avoiding mating with kin. Animal Behaviour, 80(2), 303-309. 
Lihoreau, M., & Rivault, C. (2009). Kin recognition via cuticular hydrocarbons shapes 




Lihoreau, M., Brepson, L., & Rivault, C. (2009). The weight of the clan: even in insects, 
social isolation can induce a behavioural syndrome. Behavioural Processes, 82(1), 81-84. 
Lihoreau, M., Zimmer, C., & Rivault, C. (2008). Mutual mate choice: when it pays both 
sexes to avoid inbreeding. PLoS One, 3(10), e3365.  
Lihoreau, M., Zimmer, C., & Rivault, C. (2007). Kin recognition and incest avoidance in a 
group-living insect. Behavioral Ecology, 18(5), 880-887. 
Limoee, M. (2012). A review on insecticide resistance in German cockroach Blattella 
germanica (L.)(Dictyoptera: Blattellidae) from Iran. Healthmed, 6(9), 3101-3106.. 
Linnaeus, C. (1767). Systema naturae, ed. 12, vol. 2. Salvii, Holmiae. p. 688 
Lo, N., Bandi, C., Watanabe, H., Nalepa, C., & Beninati, T. (2003). Evidence for 
cocladogenesis between diverse dictyopteran lineages and their intracellular 
endosymbionts. Molecular Biology and Evolution, 20(6), 907-913. 
Lo, N., Tokuda, G., Watanabe, H., Rose, H., Slaytor, M., Maekawa, K., ... & Noda, H. 
(2000). Evidence from multiple gene sequences indicates that termites evolved from 
wood-feeding cockroaches. Current Biology, 10(13), 801-804. 
Lombaert, E., Guillemaud, T., Cornuet, J. M., Malausa, T., Facon, B., & Estoup, A. (2010). 
Bridgehead effect in the worldwide invasion of the biocontrol harlequin ladybird. PloS 
one, 5(3), e9743. 
Marjoram, P., & Tavaré, S. (2006). Modern computational approaches for analysing 
molecular genetic variation data. Nature Reviews Genetics, 7(10), 759-770. 
Marrs, R. A., Sforza, R., & Hufbauer, R. A. (2008). Evidence for multiple introductions of 
Centaurea stoebe micranthos (spotted knapweed, Asteraceae) to North America. 
Molecular Ecology, 17(19), 4197-4208. 
Martin, L. J., Adams, R. I., Bateman, A., Bik, H. M., Hawks, J., ... & Dunn, R. R. (2015). 




Meirmans, P. G. (2006). Using the AMOVA framework to estimate a standardized genetic 
differentiation measure. Evolution, 60(11), 2399-2402. 
Meirmans, P. G. (2015). Seven common mistakes in population genetics and how to avoid 
them. Molecular ecology, 24(13), 3223-3231 
Mellanby, K. (1939). Low temperature and insect activity. Proceedings of the Royal Society 
of London. Series B, Biological Sciences, 473-487. 
Men, Q. L., Chen, M. H., Zhang, Y. L., & Feng, J. N. (2013). Genetic structure and diversity 
of a newly invasive species, the codling moth, Cydia pomonella (L.)(Lepidoptera: 
Tortricidae) in China. Biological invasions, 15(2), 447-458. 
Metzger, R. (1995), Behaviour. In understanding and controlling the German cockroach. 
Oxford University Press, New York. 49 – 76 
Miall, L. C. & Denny, A. V. (1886), The structure and life history of the cockroach 
(Periplaneta orientalis).An introduction to the study of insects. Lovell Reeve & Co., 
London. 224pp. 
Mikac, K. M., & Clarke, G. M. (2006). Tracing the geographic origin of the cosmopolitan 
parthenogenetic insect pest Liposcelis bostrychophila (Psocoptera: Liposcelididae). 
Bulletin of entomological research, 96(05), 523-530. 
Miller, D. M., & Koehler, P. G. (2000). Trail-following behavior in the German cockroach 
(Dictyoptera: Blattellidae). Journal of economic entomology, 93(4), 1241-1246. 
Mizukubo, T. (1981). A revision of the genus Blattella (Blattaria: Blattellidae) of Japan. I. 
Terminology of the male genitalia and description of a new species from Okinawa Island. 
Esakia, 17, 149-159. 
Mukha, D. V., Mysina, V., Mavropulo, V., & Schal, C. (2010). Structure and molecular 
evolution of the ribosomal DNA external transcribed spacer in the cockroach genus 




Mukha, D., Wiegmann, B. M., & Schal, C. (2002). Evolution and phylogenetic information 
content of the ribosomal DNA repeat unit in the Blattodea (Insecta). Insect biochemistry 
and molecular biology, 32(9), 951-960. 
Mullins, D. E. (2015). Physiology of environmental adaptations and resource acquisition in 
cockroaches. Annual review of entomology, 60, 473-492. 
Navajas, M., Gutierrez, J., Bonato, O., Bolland, H. R., & Mapangou-Divassa, S. (1994). 
Intraspecific diversity of the cassava green mite Mononychellus progresivus (Acari: 
Tetranychidae) using comparisons of mitochondrial and nuclear ribosomal DNA 
sequences and cross-breeding. Experimental & applied acarology, 18(6), 351-360. 
Nei, M., Maruyama, T., & Chakraborty, R. (1975). The bottleneck effect and genetic 
variability in populations. Evolution 29,1–10 
Olszewski, D. I. (1990). From foraging to agriculture – the the levant at the end of the ice 
age. American Anthropologist, 92(3): 830-830. 
Oosterhout, C., Hutchinson, W. F., Wills, D. P., & Shipley, P. (2004). MICRO‐CHECKER: 
software for identifying and correcting genotyping errors in microsatellite data. 
Molecular Ecology Notes, 4(3), 535-538. 
Owens, J. M., & Bennett, G. W. (1982). German cockroach movement within and between 
urban apartments. Journal of Economic Entomology, 75(4), 570-573. 
Pachamuthu, P., Kamble, S. T., Clark, T. L., & Foster, J. E. (2000). Differentiation of three 
phenotypically similar Blattella spp.: Analysis with polymerase chain reaction-restriction 
fragment length polymorphism of mitochondrial DNA. Annals of the Entomological 
Society of America, 93(5), 1138-1146. 
Paduan, K. D. S. & Ribolla, P. E. M. (2008). Mitochondrial DNA polymorphism and 





Papadopoulou, A., Anastasiou, I., & Vogler, A. P. (2010). Revisiting the insect mitochondrial 
molecular clock: the mid-Aegean trench calibration. Molecular Biology and Evolution, 
27(7), 1659-1672. 
Peakall, R., & Smouse, P. E. (2012). GenAlEx 6.5: genetic analysis in Excel. Population 
genetic software for teaching and research—an update. Bioinformatics, 28(19), 2537-
2539. 
Peterson, M.(1977), Reach for the new world, National geography, 152, 724-767 
Peng, X. (1987). Demographic consequences of the Great Leap Forward in China's 
Provinces. Population and Development Review, 13(4), 639-670. 
Pfannenstiel, R. S., Booth, W., Vargo, E. L., & Schal, C. (2008). Blattella asahinai 
(Dictyoptera: Blattellidae): a new predator of lepidopteran eggs in South Texas soybean. 
Annals of the Entomological Society of America, 101(4), 763-768. 
Piccinali, R. V., & Gürtler, R. E. (2015). Fine-scale genetic structure of Triatoma infestans in 
the Argentine Chaco. Infection, Genetics and Evolution. 34, 143-152 
Pichon, A., Arvanitakis, L., Roux, O., Kirk, A. A., Alauzet, C., Bordat, D., & Legal, L. 
(2006). Genetic differentiation among various populations of the diamondback moth, 
Plutella xylostella Lepidoptera Yponomeutidae. Bulletin of entomological research, 
96(02), 137-144. 
Pickrell, J. K., & Pritchard, J. K. (2012). Inference of population splits and mixtures from 
genome-wide allele frequency data. PLoS Genetics, 8(11).  
Pointon, M. A., Chew, D. M., Ovtcharova, M., Sevastopulo, G. D., & Crowley, Q. G. (2012). 
New high-precision U–Pb dates from western European Carboniferous tuffs; implications 
for time scale calibration, the periodicity of late Carboniferous cycles and stratigraphical 
correlation. Journal of the Geological Society, 169(6), 713-721. 




germline microsatellite mutations. Nature genetics, 13(4), 391-393. 
Princis, K. (1950), Entomological results from the Swedish expedition 1934 to Burma and 
British India. Blattariae. Collected by Rene Malaise, Arkiv for Zoologi Stockholm, 1, 203- 
222 
Princis, K. (1958), Revision of the Walker and Kirby types of Blattaria in British museum of 
Natural History, London. II, Opuscula entomology, 23, 59- 75 
Princis, K. (1959), Revision of the Walker and Kirby types of Blattaria in British museum of 
Natural History, London. III, Opuscula entomology, 24, 125- 150 
Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of population structure using 
multilocus genotype data. Genetics, 155(2), 945-959. 
Privora, M. (1972) A susceptibility in Blattella germanica(L.) and Blatta orientalis L. to 
some insecticides in CSR [in Czech].Casopis Epidemiologie, Mikrobiologia Imunologie, 
21, 113-1 18 
Pugh, P. J. A. (1994). Non‐indigenous Acari of Antarctica and the sub‐Antarctic islands. 
Zoological Journal of the Linnean Society, 110(3), 207-217. 
Ragge, D. R. (1965). Grass hoppers, crickets and cockroaches of the British Isles. Warne & 
Co. Ltd., London. 299pp. 
Rambaut, A., Suchard, M. A., Xie, D., & Drummond, A. J. (2014). Tracer v1. 6. Computer 
program and documentation distributed by the author, website http://beast. bio. ed. ac. 
uk/Tracer [accessed 1 August 2015]. 
Rasmussen, A. M., & Nielsen, P. S. (1997). Some of the cases and characteristic variations in 
number of inquiries in 1997. Danish Pest Information Laboratory Annual Report, 1997, 
48-49. 
Raymond, M., & Rousset, F. (1995). GENEPOP (version 1.2): population genetics software 




Rehm, P., Borner, J., Meusemann, K., von Reumont, B. M., Simon, S., Hadrys, H., ... & 
Burmester, T. (2011). Dating the arthropod tree based on large-scale transcriptome data. 
Molecular Phylogenetics and Evolution, 61(3), 880-887. 
Rehn, J. A. G. (1945), Man’s uninvited fellow traveller – the cockroch, The scientific 
Monthly, 61, 265- 276 
Rettich, F., Ledvinka, J. & Zdimerova, Z. (1991) Insecticide resistancein wild populations of 
the German cockroach, Blattella germanica (Dictyoptera: Blattellidae). Abstracts, 
6thAnnual Meefing of the Socieh for Vector Ecologv, European Region, Godollo, 
Hungan), p. 8. 
Reznick, D. N., & Ghalambor, C. K. (2001). The population ecology of contemporary 
adaptations: what empirical studies reveal about the conditions that promote adaptive 
evolution. Genetica, 112(1), 183-198. 
Rivault, C., Cloarec, A., & Sreng, L. (1998). Cuticular extracts inducing aggregation in the 
German cockroach, Blattella germanica (L.). Journal of Insect Physiology, 44(10), 909-
918. 
Rivault, C. (1990). Distribution dynamics of Blattella germanica in a closed urban 
environment. Entomologia experimentalis et applicata, 57(1), 85-91. 
Robinson, W. H. (1999). The changing status of the German cockroach in the urban 
environment.In Proceedings of the New Zealand plant protection conference (pp. 16-
21).New Zealand Plant Protection Society. 
Robison W. H. (1996) Urban entomology. Chapman & Hallpress. 
Ronquist, F., Teslenko, M., van der Mark, P., Ayres, D. L., Darling, A., Höhna, S., ... & 
Huelsenbeck, J. P. (2012). MrBayes 3.2: efficient Bayesian phylogenetic inference and 
model choice across a large model space. Systematic biology, 61(3), 539-542. 




structure. Molecular Ecology Notes, 4(1), 137-138. 
Rosenthal, D. M., Ramakrishnan, A. P., & Cruzan, M. B. (2008). Evidence for multiple 
sources of invasion and intraspecific hybridization in Brachypodium sylvaticum (Hudson) 
Beauv. in North America. Molecular ecology, 17(21), 4657-4669. 
Roth L. M., 1985, A taxonomic revision of the genus Blattella Caudell (Dictyoptera, 
Blattaria, Blattellidae). Entomologica Scandinavica, 1-221 
Roth, L. M. (1970). Interspecific mating in Blattaria. Annals of the Entomological Society of 
America, 63(5), 1282-1285.  
Roth, L. M. (1986). Blattella asahinai introduced into Florida (Blattaria: Blattellidae). 
Psyche: A Journal of Entomology, 93(3-4), 371-374. 
Roth, L. M. (1995). New species of Blattella and Neoloboptera from India and Burma 
(Dictyoptera: Blattaria: Blattellidae). Oriental Insects, 29(1), 23-31. 
Roth, L. M. (1997). A new combination, and new records of species of Blattella Caudell 
(Blattaria: Blattellidae: Blattellinae). Oriental Insects, 31(1), 229-239.  
Roth, L. M. (2003). Some cockroaches from Africa and islands of the Indian Ocean, with 
descriptions of three new species (Blattaria). Transactions of the American Entomological 
Society, 163-182. 
Roth, L. M. (2003). Systematics and phylogeny of cockroaches (Dictyoptera: Blattaria). 
Oriental Insects, 37(1), 1-186. 
Roth, S., Fromm, B., Gäde, G., & Predel, R. (2009). A proteomic approach for studying 
insect phylogeny: CAPA peptides of ancient insect taxa (Dictyoptera, Blattoptera) as a 
test case. BMC evolutionary biology, 9(1), 50. 
Roth, L. M., & Willis, E. B. (1960). The biotic associations of cockroaches. Smithsonian 
Miscellaneous Collections, 141. 




isolation by distance. Genetics,145, 1219–1228. 
Rousset, F. (2008). genepop’007: a complete re‐implementation of the genepop software for 
Windows and Linux. Molecular ecology resources, 8(1), 103-106. 
Roux, O., Gevrey, M., Arvanitakis, L., Gers, C., Bordat, D., & Legal, L. (2007). ISSR-PCR: 
Tool for discrimination and genetic structure analysis of Plutella xylostella populations 
native to different geographical areas. Molecular Phylogenetics and Evolution, 43(1), 
240-250. 
Rozendaal, J. A. (1997). Vector control: methods for use by individuals and communities. 
World Health Organization. 
Rust, M. K., Owens, J. M. & Reireson, D. A. (1995). Understanding andControlling the 
German cockroach. Oxford University Press,Oxford. 
Rust, M. K., & Reierson, D. A. (1991). Chlorpyrifos resistance in German cockroaches 
(Dictyoptera: Blattellidae) from restaurants. Journal of economic entomology, 84(3), 736-
740. 
Saenz, V. L., Booth, W., Schal, C., &Vargo, E. L. (2012). Genetic analysis of bed bug 
populations reveals small propagule size within individual infestations but high genetic 
diversity across infestations from the eastern United States. Journal of medical 
entomology, 49(4), 865-875. 
Sakai, A. K., Allendorf, F. W., Holt, J. S., Lodge, D. M., Molofsky, J., With, K. A., ... & 
Weller, S. G. (2001). The population biology of invasive specie. Annual Review of 
Ecology and Systematics, 305-332. 
Sanderson, M. J. (1997). A nonparametric approach to estimating divergence times in the 
absence of rate constancy. Molecular biology and evolution, 14(12), 1218-1231. 
Saw, J., Endersby, N. M., & Mckechnie, S. W. (2006). Low mtDNA diversity among 




founder effect. Insect Science, 13(5), 365-373. 
Sax, D. F., & Brown, J. H. (2000). The paradox of invasion. Global Ecology and 
Biogeography, 9(5), 363-371. 
Schlötterer, C. (2004). The evolution of molecular markers—just a matter of fashion?. Nature 
Reviews Genetics, 5(1), 63-69. 
Schuelke, M. (2000). An economic method for the fluorescent labeling of PCR fragments. 
Nature biotechnology, 18(2), 233-234. 
Scott, J. G., Cochran, D. G., & Siegfried, B. D. (1990). Insecticide toxicity, synergism, and 
resistance in the German cockroach (Dictyoptera: Blattellidae). Journal of economic 
entomology, 83(5), 1698-1703. 
Scott, K. D., Wilkinson, K. S., Lawrence, N., Lange, C. L., Scott, L. J., Merritt, M. A., ... & 
Graham, G. C. (2005). Gene-flow between populations of cotton bollworm Helicoverpa 
armigera (Lepidoptera: Noctuidae) is highly variable between years. Bulletin of 
entomological research, 95(04), 381-392. 
Shahraki, G. H., Parhizkar, S., & Nejad, A. R. S. (2013). Cockroach Infestation and Factors 
Affecting the Estimation of Cockroach Population in Urban Communities. International 
Journal of Zoology, 2013. 
Simon, S., & Hadrys, H. (2013). A comparative analysis of complete mitochondrial genomes 
among Hexapoda. Molecular Phylogenetics and Evolution, 69(2), 393-403. 
Shapiro, J. (2001). Mao's war against nature: Politics and the environment in revolutionary 
China. Cambridge University Press. 
Slatkin, M. (1993). Isolation by distance in equilibrium and nonequilibrium populations. 
Evolution, 47, 264–279. 
Snoddy, E. T., & Appel, A. G. (2008). Distribution of Blattella asahinai (Dictyoptera: 




America, 101(2), 397-401. 
Solomon, M. E., & Adamson, B. E. (1955). The powers of survival of storage and domestic 
pests under winter conditions in Britain. Bulletin of entomological research, 46(02), 311-
355. 
Sowerby, A. (1930). The Naturalist in Manchuria 5. p. 192. Tientsin Press, Limited. 
Stejskal, V., &Verner, P. H. (1996). Long‐term changes of cockroach infestations in Czech 
and Slovak food‐processing plants. Medical and veterinary entomology, 10(1), 103-104. 
Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., & Kumar, S. (2011). MEGA5: 
molecular evolutionary genetics analysis using maximum likelihood, evolutionary 
distance, and maximum parsimony methods. Molecular biology and evolution, 28(10), 
2731-2739. 
Tanaka, K. & Tanaka, S. (1997). Winter survival and freeze tolerance in a Northern 
Cockroach, Periplaneta japonica (Blattidae :Dictyoptera). Zoological Science (The 
Zoological Society of Japan) 14 (5): 849–853. 
Tautz, D. (1989). Hypervariabflity of simple sequences as a general source for polymorphic 
DNA markers. Nucleic acids research, 17(16), 6463-6471. 
Thomas, M. C. (1995). Invertebrate pets and the Florida Department of Agriculture and 
consumer services. Florida Entomologist, 39-44. 
Thorne, J. L., Kishino, H., & Painter, I. S. (1998). Estimating the rate of evolution of the rate 
of molecular evolution. Molecular Biology and Evolution, 15(12), 1647-1657. 
Tokuda, G., Isagawa, H., & Sugio, K. (2012). The complete mitogenome of the Formosan 
termite, Coptotermes formosanus Shiraki. Insectes sociaux, 59(1), 17-24. 
Trautwein, M. D., Wiegmann, B. M., Beutel, R., Kjer, K. M., & Yeates, D. K. (2012). 
Advances in insect phylogeny at the dawn of the postgenomic era. Annual review of 




Tsai, C. W., & Lee, H. J. (2001). Analysis of specific adaptation to a domicile habitat: A 
comparative study of two closely related cockroach species. Journal of medical 
entomology, 38(2), 245-252. 
Umeda K, Yano T, Hirano M. (1988). Pyrethroid-resistance mechanism in German 
cockroach, Blattella germanica (Orthoptera: Blattellidae). Applied Entomology and 
Zoology, 23(4), 373-380. 
Vaidya, G., Lohman, D. J., & Meier, R. (2011). SequenceMatrix: concatenation software for 
the fast assembly of multi‐gene datasets with character set and codon information. 
Cladistics, 27(2), 171-180. 
Vargo, E. L., Crissman, J. R., Booth, W., Santangelo, R. G., Mukha, D. V., & Schal, C. 
(2014). Hierarchical genetic analysis of German cockroach (Blattella germanica) 
populations from within buildings to across continents. PloS one, 9(7), e102321. 
Venkatesan, M. & Rasgon, J. L. (2010). Population genetic data suggest a role for mosquito‐
mediated dispersal of West Nile virus across the western United States. Molecular 
ecology, 19(8), 1573-1584. 
Verhoeven, K. J., Macel, M., Wolfe, L. M., & Biere, A. (2011). Population admixture, 
biological invasions and the balance between local adaptation and inbreeding depression. 
Proceedings of the Royal Society of London B: Biological Sciences, 278(1702), 2-8. 
Virgilio, M., Delatte, H., Backeljau, T., & DeMeyer, M. (2010). Macrogeographic population 
structuring in the cosmopolitan agricultural pest Bactrocera cucurbitae (Diptera: 
Tephritidae). Molecular ecology, 19(13), 2713-2724. 
Vos, P., Hogers, R., Bleeker, M., Reijans, M., Van de Lee, T., Hornes, M., ... & Zabeau, M. 
(1995). AFLP: a new technique for DNA fingerprinting. Nucleic acids research, 23(21), 
4407-4414. 




Geologica Carpathica, 56, 473–481. 
Vršanský, P. (2008). Mesozoic relative of the common synanthropic German cockroach 
(Blattodea). Deutsche Entomologische Zeitschrift, 55(2), 215-221. 
Vršanský, P. (2010). Cockroach as the earliest eusocial animal. Acta Geologica Sinica 
(English Edition), 84(4), 793-808. 
Vršanský, P. (2014). Amber cockroaches, wood decomposers, dinosaur dung, clean Mesozoic 
ground and eusociality. Geology, Geophysics and Environment, 40(1), 135. 
Vršanský, P., Vidlička, Ľ., Barna, P., Bugdaeva, E., & Markevich, V. (2013). Paleocene 
origin of the cockroach families Blaberidae and Corydiidae: Evidence from Amur River 
region of Russia. Zootaxa, 3635(2), 117-126. 
Vukusic, P., Sambles, J. R., & Lawrence, C. R. (2003). Commercial products from insects. 
Encyclopedia of Insects, 251. 
Wagner, C. E., Keller, I., Wittwer, S., Selz, O. M., Mwaiko, S., Greuter, L., ... & Seehausen, 
O. (2013). Genome‐wide RAD sequence data provide unprecedented resolution of species 
boundaries and relationships in the Lake Victoria cichlid adaptive radiation. Molecular 
ecology, 22(3), 787-798. 
Wang, C., Scharf, M. E., & Bennett, G. W. (2004).Behavioral and physiological resistance of 
the German cockroach to gel baits (Blattodea: Blattellidae). Journal of economic 
entomology, 97(6), 2067-2072. 
Wang, I. J., Glor, R. E., & Losos, J. B. (2013). Quantifying the roles of ecology and 
geography in spatial genetic divergence. Ecology letters, 16(2), 175-182. 
Wang, X. & Mo, J. (2009). Infestation and related research of the German cockroach in 
China. Urban pest control, 2:3-8 (Written in Chinese) 
Wang, Z. Q., Che, Y. L., & Feng, P. Z. (2010). A taxonomic study of the genus Blattella 




Acta Entomologica Sinica, 8, 12. 
Ware, J. L., Grimaldi, D. A., & Engel, M. S. (2010). The effects of fossil placement and 
calibration on divergence times and rates: an example from the termites (Insecta: 
Isoptera). Arthropod structure & development, 39(2), 204-219. 
Ware, J. L., Litman, J., Klass, K. D., & Spearman, L. A. (2008). Relationships among the 
major lineages of Dictyoptera: the effect of outgroup selection on dictyopteran tree 
topology. Systematic Entomology, 33(3), 429-450. 
Wei, S. J., Shi, B. C., Gong, Y. J., Jin, G. H., Chen, X. X., & Meng, X. F. (2013). Genetic 
structure and demographic history reveal migration of the diamondback moth Plutella 
xylostella (Lepidoptera: Plutellidae) from the Southern to Northern Regions of China. 
PloS one, 8(4), e59654. 
Whitfield, J. B., & Lockhart, P. J. (2007). Deciphering ancient rapid radiations. Trends in 
Ecology & Evolution, 22(5), 258-265. 
Will, K. W., & Rubinoff, D. (2004). Myth of the molecule: DNA barcodes for species cannot 
replace morphology for identification and classification. Cladistics, 20(1), 47-55 
Williams, J. G., Kubelik, A. R., Livak, K. J., Rafalski, J. A., & Tingey, S. V. (1990). DNA 
polymorphisms amplified by arbitrary primers are useful as genetic markers. Nucleic 
acids research, 18(22), 6531-6535. 
Willis, E. R., & Lewis, N. (1957). The Longevity of Starved Cockroaches. Journal of 
Economic Entomology, 50(4), 438-440.. 
Wilson, G. A., & Rannala, B. (2003). Bayesian inference of recent migration rates using 
multilocus genotypes. Genetics, 163(3), 1177-1191. 
Woo, F. & Guo, Y. (1984). The specific identification, distribution, bionomics and economic 
importance of the genus Blattella Caudell (Blattaria: Blattidae) from China. Kun Chong 




Wright, S. (1943). Isolation by distance. Genetics, 28(2), 114. 
Wu, Y., Li, Y., Ruiz-Arce, R., McPheron, B. A., Wu, J., & Li, Z. (2011). Microsatellite 
markers reveal population structure and low gene flow among collections of Bactrocera 
cucurbitae (diptera: Tephritidae) in Asia. Journal of economic entomology, 104(3), 1065-
1074. 
Wu, Z. Y., Zhou, T. Y., & Xiao, P. G. (1990). Xinhua Compendium of Materia Medica. 
Shanghai: Shanghai Science and Technology Publishing House. 
Xiao, B., Chen, A. H., Zhang, Y. Y., Jiang, G. F., Hu, C. C., & Zhu, C. D. (2012). Complete 
mitochondrial genomes of two cockroaches, Blattella germanica and Periplaneta 
americana, and the phylogenetic position of termites. Current genetics, 58(2), 65-77 
Xin, J. J., Shang, Q. L., Desneux, N., & Gao, X. W. (2014). Genetic diversity of Sitobion 
avenae (Homoptera: Aphididae) populations from different geographic regions in China. 
PLoS ONE. 9(10): e109349. 
Yamauchi, M. M., Miya, M. U., & Nishida, M. (2004). Use of a PCR‐based approach for 
sequencing whole mitochondrial genomes of insects: two examples (cockroach and 
dragonfly) based on the method developed for decapod crustaceans. Insect molecular 
biology, 13(4), 435-442. 
Yang, X. M., Sun, J. T., Xue, X. F., Li, J. B., & Hong, X. Y. (2012). Invasion genetics of the 
western flower thrips in China: evidence for genetic bottleneck, hybridization and 
bridgehead effect. PloS One, 7(4), e34567. 
Yuichiro T. and Atsushi K., 1971, Outdoor hibernation of Periplaneta japonica (Blattaria: 
Blattidae) in snowy area. Japanese Journal of Sanitary Zoology (in Japanese with English 
summary) 22 (2): 76–77. 
Zhai, J., & Robinson, W. H. (1992). Measuring cypermethrin resistance in the German 




Zhang, M. (2006). Expansion of the German cockroach and related strategy of control. 
Zhonghua Weisheng Shachong Yaoxie. 12: 66-68 (Written in Chinese) 
Zhang, Y. Y., Xuan, W. J., Zhao, J. L., Zhu, C. D., & Jiang, G. F. (2010). The complete 
mitochondrial genome of the cockroach Eupolyphaga sinensis (Blattaria: Polyphagidae) 
and the phylogenetic relationships within the Dictyoptera. Molecular biology reports, 
37(7), 3509-3516. 
Zhang, Z., Schneider, J.W. & Hong, Y. (2012). The most ancient roach (Blattida): A new 
genus and species from the earliest Late Carboniferous (Namurian) of China, with 
discussion on the phylomorphogeny of early blattids. Journal of Systematic 
Palaeontology, 11(1), 27–40. 
Zheng, Y., Peng, X., Liu, G., Pan, H., Dorn, S., & Chen, M. (2013). High genetic diversity 






Supplementry data and analyses 
 
Table S1. 1. Table of first records of the German cockroach around the world. 
Country/Region 
 
Specific location Years  Source References 
Denmark  1767  Linnaeus, Syst. naturae 1 (2), ed. 12, Holmiae 1767, p. 688 
Germany  1799 Orthopterorum catalogus Ludwig, Erste Aufzähl. der bis jetzt i. Sachsen entdeckten Insekten, Leipzig 1799, p. 33. 
Russia Moscow 1802 Orthopterorum catalogus Dwigubsky, Primitiae Faunae Mosquensis, Dissert. Mosquae 1802, p. 115 . 
Finland Gotheuburg 1808  Hulden L and Hulden L (2003). The arrival of the cockroaches Blatta orientalis and Blattella 
germanica into Finland. Entomologisk Tidskrift124(4): 201-207. 
Croatia  1817 Orthopterorum catalogus Germar, Reise n. Dalmatien, Leipiz 1817, p. 249 
Sweden  1821 Orthopterorum catalogus Zetterstedt, Orth. Sueciae, Lundae 1821, p. 48 
Canary Island  1839 Orthopterorum catalogus Brullé in Barker-Webb & Berthelot, Hist. nat. d. lIes Canaries 2 (2), Entom., Paris 1839, p. 75 
Eastern US NewYork 1842  Copeland M (2003). Cockroach 
Argeria  1849 Orthopterorum catalogus Lucas, Hist. nat. Anim. artie. in Explor. scient. Algerie, Zool. 3 (I), Paris 1849, p. 7 
Chile   1851 Orthopterorum catalogus Blanchard in Gay, Hist. fis. Y polit. de Chile, Zool. 6, Paris 1851, p. 16 
Poland Upper Silesia 1852 Orthopterorum catalogus Kelch, Grundlage Z. Kenntnis d. Orth. Obersehlesiens, Progr. Gymnas. Ratibor 1852, p. 1 
France Gérardmer 1852 Orthopterorum catalogus Jacquel, Hist. et Topogr. du canton de Gérardmer, Plombieres 1852, p. 150 
Cyprus Chypre, Gaudry 1854 MNHP  
Holland  1859 Orthopterorum catalogus Snellen van Vollenhoven in Herklots, Bouwstoffen Fauna V. Nederland 3 (1), Leiden 1859, p. 35; 
Gelede Dieren, Haarlem 1859, p. 258 . 
England Leeds 1860  Miall LC and Denny AV (1886) The structure and life history of the cockroach (Periplaneta 
orientalis).An introduction to the study of insects. Lovell Reeve & Co., London. 224pp. 
Ecuador  1862  Bolivar, I. (1884) Artrópodos del viaje al Pacífico verificado de 1862 a 1865 por una Comisión de 
naturalistas enviada por el Gobierno Español. Insectos Neurópteros y Ortópteros. Imprenta de 
Michuel Ginesta, Madrid, 124 pp 






Table S1. 1. continued. 
Country/Region 
 
Specific location Years  Source References 
Mexico  1870 Orthopterorum catalogus Saussure, Miss. scient. Mexique, Recn. zool. 6, Paris 1870, p. 28. 
Central US  Missori 1870 Orthopterorum catalogus Riley, 2nd. ann. Rep. Ins. Missouri,. 1870, p. 10. 
Indonesia Sumatra 1877 Naturlis  
Canada Quebec 1877 Orthopterorum catalogus Provancher, Faune ent. Canada 2, Quebec 1877, p. 11. 
Spain and 
Portugal  
 1878 Orthopterorum catalogus Bolívar, Anal. Soc. esp. Hist. nat. 7, 1878, p. 454; Sinopsis Orth. Espana y PortugaJ, Madrid 1878, 
p. 48. 
Malaysia Borneo Sept. 
Sandakan 
1880 MNHP  
India Pondishery 1881 MNHP  
Canada Ontario 1888 Orthopterorum catalogus Caulfield, Rep. ent. Soc. Ontario 18, 1888, p. 68, 71. 
Japan Tsu Shima island  1891 BMNH  
Australia Adelaide 1893  Cornwell PB (1968). The cokroach. The Rentokil Library. 
Indonesia Kalimantan 1893 Naturlis  
Madagascar  1895 Orthopterorum catalogus Saussure & Zehntner in Grandidier, Hist. phys., nat. et polit. de Madagascar 23 (1), Paris 1895, p. 
27. 
Philippine  1895 Orthopterorum catalogus Casto de Elera, Cat. sist. Fauna de Filipinas 2, Articul., Manila 1895, p. 194 . 
SouthWest US New Mexico 1895 Orthopterorum catalogus Cockerell, Bull. Agric. Exp. Sta. New Mexico Coil. Agric. 15, 1895, p. 73. 
India Naga Hills 
(Assam)  
1896 BMNH  
Argentina Buenos Aires 1897  Hebard, M. (1920) Expedition of the Calfornia Academy of Sciences to the Galapagos Islands, 
1905-1906. 17. Dermaptera and Orthoptera. Proceedings of the California Academy of Sciences, 
Fourth Series 2(17): 311-346. 
Indonesia Java, Sipayon 1897 MNHP  
Indonesia Irian Java 1897 Naturlis  
Tunisia Tunisie, Tunis 1898 MNHP  
Water Island Water Island 1898 Naturlis  





Table S1. 1. continued. 
Country/Region 
 

















Errington de la 
Croix 
1899 MNHP  
Georgia  1899 Orthopterorum catalogus Zoubowsky in Radde, Mus. Caucas. 1, Tiflis 1899, p. 519. 





1900 MNHP  
Costa Rica  1900 Orthopterorum catalogus Biolley, Informe Mus. Nacion. Costa Rica, (1899-1900) 1900, p. 43 
Korea  1900  Personal communication with Dr. Lee DK, original resource came from records in Korean 
Iraq Irak, Bagdad 1901 MNHP  
Kenya Lari 1901 BMNH  
China China, Shangai 1902 MNHP  
South Africa  Queenstown, 









US Colorado  Silverton 1903 USNM  
Morocco Maroc 1904 MNHP  
New Zealand  1904 Orthopterorum catalogus Hutton, Index Fauna N. Zealand, London 1904, p. 354. 
Vietnam Hanoi 1904 MNHP  
Russia Tobolsk  1905 Orthopterorum catalogus Adelung, Jezegodnik (Annuaire) Tobolsk. Muz. 15 (2: 1), (1905) 1906 p. 15, russ. . 
Senegal Senegal, Dakar 1905 MNHP  
Sri Lanka Maskeliya  1905 BMNH  
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Surinam  1911 Naturlis  
Malawi Blantrye 04.1910;  












Shelford, Wiss. Ergebn. dtsch. Zentral-Afrika Exp. 3, Leipzig 1912, p. 499; Ent. Rec. 24, 1912, p. 
217. 
Egypt  1912 Orthopterorum catalogus Innes Bey, Mem. Soc. ent. Egypte 1 (3), 1912, p. 22, t. 2, f. 2. 




Table S1. 1. continued. 
Country/Region 
 
Specific location Years  Source References 
Russia, Siberia Irkoutsk, 
Gigalovo 
1913 MNHP  
Russia, Siberia Yakoutsk 1913 MNHP  
Uganda Mwera  1913 BMNH  
Peru Arequipa 1914 MNHP  
Honduras  1915 USNM  
NorthWest US  Montana 1916 Orthopterorum catalogus Cooley, Bull. Univ.Moutana Agric. Exp. Sta. 112, 1916, p. 55. 
New Caledonia  1918 USNM  
West coast US  California 1919 Orthopterorum catalogus Hebard, Mem. Amer. ent. Soc. 4, (191.9) 1920, p. 7, 68, t. 5, f. 16; Proc. California Acad. Sci., 4th 
Ser. 2 (2),1920, p. 313.315. 
Colombia  1920 USNM  
US Alaska Bering  1922 USNM  
Bermuda Bermuda Ag Stn 1924 BMNH  
British 
colombia 
 1924 Orthopterorum catalogus Buckell, Proc. ent. Soc. Brit. Columbia 20, 1922, p. 14, 39. 
Galapagos 
Islands 
 1924 BMNH  
Cameroon Cameroun, region 
de Kribi 
1925 MNHP  
Brazil Santa Catarina, 
Nova Teutonia 
1927 USNM  
Venezuela Caracas  1927 USNM  
Haiti  1927 Orthopterorum catalogus Wolcott, Entomol. d'Haiti, Port-au-Prince .1927, p. 143. 
Madeira Madere 1930 MNHP  
Namibia  1933 BMNH  
Easter Island Iles de Paques 1934 MNHP  
Libya  1934 Orthopterorum catalogus Zavattari. Prodromo d. Fauna d. Libia, Pavia 1934. p.191. 




Table S1. 1. continued. 
Country/Region 
 
Specific location Years  Source References 
Palestine  1935 Orthopterorum catalogus Bodenheimer, Arch. Naturgesch., N. F. 4, .1935, p. 149; Animal life in Palestine, Jerusalem 1935, p. 
313, t. 42, f. 3. 
Tibet SE Tibet, 
Salween valley 
8500 ft, 85009, 
Dzogang 
1936 BMNH  
Myanmar Nam Tamal 
valley Upper 




1938 BMNH  
Turkey   1938 ZILS  
Saudi Arabia Hejaz, 12 miles 
N of Jidda. AR 
Waterston 
1944 BMNH  
Solomon 
Islands 
 1944 USNM  
Iceland  1945 Orthopterorum catalogus Gígja, Islenzkt Skordýratal (Syst. List of Iceland Ins.), Reykjavík 1945, p. 10. 
Mauritania Mauritanie 1948 MNHP  
Pakistan Pakistan 1956 Naturlis  
Afghanistan   1958 ZILS  
Maldives  1960 BMNH  
Thailand  1960  Chaloryu S et al., The preliminary report of cockroach survey and control in Thai navy ship. Navy 
Med J 1960;2:33-50 
Nepal Nepal oriental 
(Exp Jannu) 
1962 MNHP  
Saint Helena 
Island 
Jamestown  1976 BMNH  
Orthopterorum catalogus: Beier, M. (1939). Orthopterorum catalogus; MNHP: Museum of Natural History, Paris, France; ZILS: Zoological Museum Lund 
University, Lund, Sweden; RNHL: Naturalis Biodiversity Center, Leiden, Netherlands;USNM: Smithsonian Institution National Museum of Natural History, 









UK Cornwell, P. B. (1976). The cockroach. Vol. 2: Insecticides and coackroach control. Associated Business Programmes LTD, London. p. 61 
Germany Weidner, H. (1983) Neue Untersuchungen ueber Vorkomrnen und Verbreitung der Schaben in der DDR und einige bemerkungen ueber die relative 
Haufigkeitszunahrne der Deutschen Schabe. Deutches Prakrisch Schadlingsbekampfer, 35, 15 1-153. 
Czech Stejskal, V., &Verner, P. H. (1996). Long‐term changes of cockroach infestations in Czech and Slovak food‐processing plants. Medical and veterinary 
entomology, 10(1), 103-104. 
Japan Yano, T., Takada, Y., Hirano, M., & Nakayama, I. (1994). Changes in population density, habitat preference and susceptibility to insecticides of 
cockroaches inhabiting in an underground shopping arcade in Osaka. JAPANESE JOURNAL OF SANITARY ZOOLOGY, 45, 253-253. 
今井健介. (2011). 大阪市内 3 地域におけるゴキブリの生息状況ならびに棲み分け. 環動昆, 22(3), 139-145. 
Northern China 王小姣, & 莫建初. (2009). 我国德国小蠊发生情况及研究进展. 城市害虫防治, (2), 3-8. 
Shanghai 梁铁麟, 朱江, & 何上虹. (2004). 我国蟑螂侵害的几个特点. 中华卫生杀虫药械, 10(3), 191-192. 
Foshan Weng Y., Huang W., Zhao L., Yang W. and Liu X., (2005)  Investigation on encroachment of blattella germanica in foshan urban area. Chinese Journal 
of Hygienic Insecticides and Equipments11 178 - 179 
Chengdu 马林, 叶庆临, 杨学荣, 曹若愚, 谢大刚, & 蒋铮. (1999). 成都市巩固灭蟑螂达标成果技术报告. 医学动物防制, 4, 024. 
Malaysia Oothuman, P., Jeffery, J., Aziz, A. H. A., Bakar, E. A., & Jegathesan, M. (1989). Bacterial pathogens isolated from cockroaches trapped from paediatric 
wards in peninsular Malaysia. Transactions of the royal society of tropical medicine and Hygiene, 83(1), 133-135. 
Jeffery, J., Sulaiman, S., Oothuman, P., Vellayan, S., Zainol-Ariffin, P., Paramaswaran, S., ... & Abdul-Aziz, N. M. (2012). Domiciliary cockroaches 
found in restaurants in five zones of Kuala Lumpur federal territory, peninsular Malaysia. Tropical biomedicine, 29(1), 180-186. 
Thailand Tawatsin, A., Thavara, U., Chompoosri, J., Kong-ngamsuk, W., Chansang, C., & Paosriwong, S. (2001). Cockroach surveys in 14 provinces of Thailand. 
Journal of vector ecology, 26, 232-238. 






































































Fig. S2.1. Phylogenetic trees of order Blattodea, reconstructed with complete mitochondrial genome sing Bayesian method and 10,000,000 
generations. Nodal labels indicate the Bayesian posterior probability. (a)Partition with PartitionFinder suggested scenario include third codon 
position using GTR+I+G substitution model (PartitionFinder,+3rd,GTR+I+G); (b) PartitionFinder,+3rd,GTR+G; (c) PartitionFinder,-3rd,GTR+G; 
(d) Gene,+3rd,GTR+I+G; (e) Gene,+3rd,GTR+G; (f) Gene,-3rd,GTR+I+G; (g) Gene,-3rd,GTR+G; (h) Codon,+3rd,GTR+I+G; (i) 




Table S3. 1. German cockroach sample information for this study 
Location 
ID 
Country City/location Latitude Longitude Number of 
individuals 
Collector Affiliation Field 
or 
lab 
BS Korea Busan 35.18721667 129.0590833 30 Dr. Lee Dong-kyu Kosin University L 
JJ Korea Jeju 33.4672 126.5451 30 Dr. Lee Dong-kyu Kosin University L 
SO Korea Soeul 37.56233333 126.9755778 30 Dr. Lee Dong-kyu Kosin University L 
SY China Shenyang 41.92625 123.4043917 30 Dr. Jiang Hong Wuhan University F 
BJ China Beijing 39.9567 116.3711111 30 Dr. Jiang Hong Wuhan University F 
XA China Xi'an 34.6568306 109.2301667 30 Dr. Jiang Hong Wuhan University F 
CQ China Chongqing 29.5583972 106.5743028 30 Dr. Jiang Hong Wuhan University F 
CS China Changsha 28.2035389 113.017275 30  Changsha center for disease 
control and prevention 
F 
NJ China Nanjing 32.0590917 118.6278944 30 Dr. Jiang Hong Wuhan University F 
SH China Shanghai 31.2190139 121.4165861 25 Dr. Jiang Hong Wuhan University F 
GZ China Guangzhou 23.0838 113.3173889 30 Dr. Jiang Hong Wuhan University F 
SZ China Shenzhen 22.5239111 114.0325083 25 Dr. Jiang Hong Wuhan University F 
KL Malaysia Kuala 
Lumpur 
3.104936111 101.6359528 20 NoraishahMydinAbd 
Aziz 
University of Malaya F 
SG Singapore Singapore 1.354872222 103.892975 38 Tan EngKooi Bayer Singapore F 
SI Singapore Singapore 1.357872222 103.897975 30 Dr. Lee Chow-Yang UniversitiSains Malaysia F 
AC Indonesia Aceh 5.549038889 95.318975 30 Dr. Intan Ahmad Bandung Institute of Technology L 
BG Indonesia Bengkulu -3.793383333 102.2640722 30 Dr. Intan Ahmad Bandung Institute of Technology L 
PL Indonesia Palembang -2.978933333 104.7728472 30 Dr. Intan Ahmad Bandung Institute of Technology L 
LP Indonesia Lampung -5.412758333 105.2605694 30 Dr. Intan Ahmad Bandung Institute of Technology L 
JK Indonesia Jakarta -6.215055556 106.8295139 30 Dr. Intan Ahmad Bandung Institute of Technology L 
PD Indonesia Bandung -6.918655556 107.6164417 30 Dr. Intan Ahmad Bandung Institute of Technology L 
SB Indonesia Surabaya -7.246236111 112.7503944 30 Dr. Intan Ahmad Bandung Institute of Technology L 
SR Indonesia Samarinda -0.496677778 117.1397056 30 Dr. Intan Ahmad Bandung Institute of Technology L 
MK Indonesia Makassar -5.149866667 119.4312417 30 Dr. Intan Ahmad Bandung Institute of Technology L 
MB Australia Maryborough -25.53459167 152.7025056 30 Dr. Theodore Evans  F 




SN Australia Sydney -33.63677222 151.3292083 30 Dr. Theodore Evans  F 
BI Brazil Bio-agri -22.88589444 -43.27849722 14 Tan EngKooi Bayer Singapore L 
PR US Puerto Rico 18.40375833 -66.07864444 30 Donald Bieman San Pedrito Institute F 
HW US Hawaii 21.30653056 -157.8592833 10 Kenneth Grace University of Hawaii F 
LA US Los Angeles 34.04926111 -118.2492611 13 Pat Copps  F 
OC US Orange, 
California 
33.78678056 -117.8537556 8 Pat Copps  F 
CC US Comptom, 
California 
33.7898 -118.222825 29 Pat Copps  F 
GF US Gainesville, 
Florida 
29.64923611 -82.32492222 28 Barbara Bayer University of Florida F 
BT US Bryan, Texas 30.62425556 -96.33925556 30 Ted Granovsky Granovsky Associates F 
LU US Baton Rouge, 
Louisiana 
30.45720556 -91.13800556 22 Gregg Henderson  Louisiana State University F 
WO US White Eagle, 
Oklahoma 
36.60467222 -97.08456944 29 Brad Kard Oklahoma State University F 
GI US Gray, Indiana 41.59935833 -87.33781667 30 Changlu Wang formerly at Purdue University F 
GM US Minneapolis 44.97738056 -93.26732222 30 Jay Bruesch Plunkett's Pest Control F 
CO US Cleveland 41.49636389 -81.69315556 27 Dr. Ed Vargo Texas A & M University F 
NV US Norfolk, 
Virginia 
36.84965833 -76.29053056 30 Dini Miller Virginia Tech F 
RV US Richmond, 
Virginia 
37.5398 -76.29053056 30 Gena Lupini Loyal Termite & Pest Control F 
GV US Griffin, 
Georgia 
33.24678056 -84.26409167 29 Dan Suiter University of Georgia F 
R1 US Raleigh, 
North 
Carolina 
35.76799 -78.619156 30 Dr. Ed Vargo Texas A & M University F 
R2 US Raleigh, 
North 
Carolina 
35.749676 -78.609715 29 Dr. Ed Vargo Texas A & M University F 
R3 US Raleigh, 
North 
Carolina 
35.769645 -78.604339 30 Dr. Ed Vargo Texas A & M University F 
HN US Hickory, 
North 
Carolina 




BL Holland Bijlmer 52.31939444 4.965966667 30 Tan EngKooi Bayer Singapore L 
MO Germany Monheim 51.08867778 6.893411111 30 Tan EngKooi Bayer Singapore L 
TR Cezch Trutnov 50.54741667 15.906275 30 Zuzana Varadinova Charles Univeristy of Prague L 
KV Ukraine Kiev 50.45090833 30.5234 30 Dr. Ed Vargo Texas A & M University F 
CR Ukraine Crimea 44.94074722 34.14236944 30 Dr. Ed Vargo Texas A & M University F 
MS Russia Moscow 55.755825 37.6173 30 Dr. Ed Vargo Texas A & M University F 
TM Russia Tomsk 56.49955556 84.99125278 30 Dr. Ed Vargo Texas A & M University F 
TH Iran Tehran 35.68593333 51.39066667 30 NikbakhtZadeh TarbiatModarres University F 
MR Morocco Tantan 28.43908056 -11.10350278 30 Zuzana Varadinova Charles Univeristy of Prague L 
BD Ethiopia Addis Ababa 9.031501 38.771374 30 Dr. Melaku Wale Bahir Dar University F 
AA Ethiopia Bahir Dar 11.581443 37.413211 30 Dr. Melaku Wale Bahir Dar University F 




Table S3. 2. Microsatellite markers used in this study – primers and multiplexing combinations 
Locus 
 
Sequences Florescence tag Multiplexing  Annealing temperature #Alleles in this study 










Bg-G7 F:GCAGTACCATATCCTCAGGA VIC 16 
R:CCATGTTAGGTACCTTCAGA 
Bg-A7 F:AGCAACCTGTTAGGGGAGGA NED 13 
R:TGTGGCACGGATGGGAGA 










Bg-D05 F:AGGATGACGTCAAGGAACAA PET 19 
R:GGAATTGTGGCATAGCA 
Bg-D9 F:GGATCTGTGGATATCCCCTA VIC 23 
R:TACAAGAGCGATGAGTCTCA 















Table S3. 3. Null alleles detected in this study.  
 BS JJ SO SY 
 
BJ XA CQ CS NJ SH GZ SZ KL SG SI AC BG PL LP JK PD SB SR MK MB BB SN BI PR HW 
B12    * *        * *         *    *    
G7    * * *     *  * *  * * * * * * *  *   *    
A7  @  * *  *  * * * *  *  *  @  @ *  *        
1D5    * * *   * @    * *          * *     
F7                               
D9 * * * * * * * * * * * * * * * * * * * * *  *  *    *  
C04 *   *  * * * *   * * * * * * *  * *  * *     * * 
D05 # *   *   *  *    *      @ *          
 
 LA OC CC GF 
 
BT LU WO GI GM CO NV RV GV RN HN BL MO TR KV R1 R2 R3 MS TM TH MR BD AA GH 
B12   *   *   *       @  *       * *   * 
G7                   *       *   * 
A7     *           * * @  *      * * * * 
1D5   * *    *       *   *  *  * * *   * *  
F7         *                     
D9   * *    * *   * * *  * * *    * * * * *  *  
C04     * *    *       * @     *  *  *  * 
D05      *   *    *           *     * 
*Null alleles occur regardless of missing data.  
@No null alleles detected after deleting the missing data. 












Table S3.4. Null allele frequency per locus per population in this study. 
 BS JJ 
 
SO SY BJ XA CQ CS NJ SH GZ SZ KL SG SI AC BG PL 
B12 0 0.0664 0 0.0893 0.0817 0 0.0367 0 0.0072 0 0.0232 0.0246 0.0796 0.146 0.0171 0 0 0.0718 
G7 0 0 0.0838 0.1689 0.1268 0.0967 0.02 0.0235 0.0301 0.0165 0.1473 0 0.1806 0.1363 0 0.1557 0.0842 0.1262 
A7 0.0127 0.1081 0.0659 0.0799 0.1421 0.0935 0.0666 0 0.2554 0.1355 0.1412 0.091 0 0.1138 0.0434 0.1179 0.0205 0.1054 
1D5 0 0.0301 0.11 0.1692 0.1841 0.0774 0.0128 0 0.1945 0.1353 0.0162 0.0043 0.0636 0.1075 0.1342 0 0.0477 0.0626 
F7 0.004 0 0 0 0 0.029 0 0 0 0.0191 0 0 0 0.0671 0 0.0373 0 0 
D9 0.3475 0.3082 0.293 0.3794 0.3539 0.3349 0.2515 0.229 0.2041 0.2917 0.1873 0.1832 0.3062 0.2747 0.1822 0.1237 0.1854 0.201 
C04 0.1191 0.0769 0.013 0.197 0.0485 0.2454 0.2604 0.1756 0.1454 0.073 0.0686 0.2517 0.2388 0.2542 0.1887 0.2095 0.2574 0.2788 
D05 0.0701 0.1597 0 0.0292 0.1257 0.0514 0.0544 0.0948 0.0655 0.1511 0.0457 0.0485 0.0462 0.0564 0 0.0841 0 0 
 
 LP JK 
 
PD SB SR MK MB BB SN BI PR HW LA OC CC GF BT LU 
B12 0.0244 0.0321 0.04 0 0.0911 0 0 0 0.1183 0 0 0 0.0119 0 0.078 0 0 0.1038 
G7 0.1817 0.1566 0.1906 0.1789 0.103 0.1828 0.0911 0 0.0982 0 0.011 0 0 0.0199 0 0 0 0.0078 
A7 0.0226 0.1455 0.1031 0.0509 0.1027 0.0732 0.0446 0.1094 0.0651 0.057 0 0 0.0573 0.1036 0.0331 0 0.0722 0.0439 
1D5 0 0 0.0256 0.0572 0.0643 0 0.1179 0.2418 0.071 0.0365 0 0 0 0 0.1458 0.0883 0 0 
F7 0.057 0.08 0 0.0553 0 0.0403 0 0 0.061 0 0 0 0 Noinf 0 0.0042 0.0387 0 
D9 0.2902 0.136 0.1196 0.0333 0.1782 0.1072 0.2375 0.0815 0 0 0.2367 0 0.0207 0 0.0641 0.0672 0 0.0573 
C04 0.0779 0.1749 0.2873 0 0.1455 0.1909 0.0104 0 0 0.072 0.2093 0.2264 0.1037 0.0661 0.1128 0 0.1139 0.1331 
D05 0 0.1241 0.2995 0.0302 0.0257 0.0473 0.0729 0.125 0.0243 0 0 0 0 0 0.0134 0 0 0.1065 
 
 WO GI 
 
GM CO NV RV GV R1 R2 R3 HN BL MO TR KV CR MS TM 
B12 0 0.0562 0.1001 0.0171 0 0 0.0336 0 0.0127 0.0045 0 0.0836 0 0.2758 0.0002 0 0.0585 0.003 
G7 0 0 0.1066 0 0 0 0 0.0875 0 0 0.0077 0.0718 0.0074 0.0753 0.1164 0.0501 0 0 
A7 0 0.0648 0.0486 0 0 0 0.0256 0.0435 0.096 0 0.023 0.1687 0.2879 0.2291 0 0 0 0.0515 
1D5 0 0.0595 0.0395 0 0.0498 0.0328 0 0.1299 0.1241 0.0422 0.1072 0.0038 0.0185 0.1762 0.0091 0 0.1429 0.1049 
F7 0 0 0.1346 0.1302 0 0 0 0 0.0329 0.0026 0 0 0.11 0 0 Noinf 0 0 
D9 0 0.1676 0.1609 0.0542 0 0.1501 0.0971 0.0469 0.0353 0.047 0.0548 0.2297 0.3676 0.2935 Noinf 0.3137 0.3169 0.1663 
C04 0 0.0241 0.1127 0.1023 0 0.0278 0.0754 0.0458 0.1052 0.1012 0 0.0654 0.1316 0.1612 0 0.0453 0.2227 0.032 









MR BD AA GH 
B12 0.1537 0.1177 0.0238 0 0.2312 
G7 0 0.1002 0 0.0419 0.126 
A7 0.1048 0.2088 0.094 0.2 0.1294 
1D5 0.043 0.0602 0.1094 0.0784 0.0811 
F7 0 0.0205 0.0109 0 0.0441 
D9 0.1187 0.2081 0.1988 0.198 0.0561 
C04 0.1407 0.0799 0.005 0.0158 0.1694 
D05 0 0.0664 0 0.0118 0.144 
 
Table S3.5. P-value for each locus pair across all populations of genotypic linkage disequilibrium (Fisher's method) by Genepop 
 B12 
 
G7 A7 D9 C04 D05 1D5 F7 
B12         
G7 0.9823        
A7 0.9571 0.4336       
D9 0.6734 0.2523 Highly sign.      
C04 0.9740 0.5908 0.4665 0.1972     
D05 0.2851 0.8606 Highly sign.  Highly sign. 0.0035    
1D5 0.7429 0.3022 0.9854 0.8001 Highly sign. 0.3298   
F7 0.2646 0.0537 0.5796 Highly sign. 0.5287 0.7363 0.7679  
 
Table S3.6. Summary of Analysis of Molecular Variance (AMOVA). df is the degrees of freedom; SS is the sum of squares; MS is the mean 





SS MS Est. Var. % 
Among Poplations 58 1824.630 31.459 0.505 16% 
Among Individuals 1589 5182.084 3.261 0.522 16% 
Within Individual 1648 3652.500 2.216 2.216 68% 






Table. S3.7. Post-structure assignment Delta K test. 






Ln'(K) |Ln''(K)| Delta K 
1 20 -54062.295 1.8118 NA NA NA 
2 20 -52737.47 77.7268 1324.825 257.86 3.317518 
3 20 -51670.505 73.0549 1066.965 255.19 3.493128 
4 20 -50858.73 198.3304 811.775 22.145 0.111657 
5 20 -50024.81 217.8098 833.92 168.74 0.774712 
6 20 -49359.63 204.6399 665.18 225.685 1.10284 
7 20 -48920.135 187.7374 439.495 37.68 0.200706 
8 20 -48518.32 178.8397 401.815 10.29 0.057538 
9 20 -48106.215 243.8686 412.105 118.41 0.485548 
10 20 -47812.52 380.6524 293.695 186.495 0.489935 
11 20 -47332.33 327.2056 480.19 21.225 0.064867 
12 20 -46873.365 297.1667 458.965 230.31 0.775019 
13 20 -46644.71 229.6589 228.655 94.01 0.409346 
14 20 -46510.065 562.2585 134.645 242.685 0.431625 
15 20 -46132.735 410.2406 377.33 36.64 0.089313 
16 20 -45792.045 431.3054 340.69 275.8 0.639454 
17 20 -45727.155 441.4016 64.89 356.015 0.806556 
18 20 -45306.25 272.4203 420.905 428.995 1.574754 
19 20 -45314.34 572.4364 -8.09 160.505 0.280389 
20 20 -45161.925 478.8392 152.415 69.77 0.145707 
21 20 -44939.74 490.4637 222.185 144.96 0.295557 
22 20 -44572.595 429.4464 367.145 285.54 0.664903 
23 20 -44490.99 350.4786 81.605 206.085 0.58801 
24 20 -44203.3 548.358 287.69 187.9 0.342659 
25 20 -44103.51 511.1465 99.79 32.335 0.06326 
26 20 -44036.055 513.3993 67.455 318.105 0.619605 
27 20 -43650.495 370.541 385.56 571.01 1.541017 
28 20 -43835.945 638.2108 -185.45 547.135 0.857295 
29 20 -43474.26 378.2869 361.685 313.905 0.829807 
30 20 -43426.48 392.8515 47.78 103.715 0.264006 
31 20 -43482.415 638.0135 -55.935 98.78 0.154824 
32 20 -43439.57 511.2334 42.845 278.85 0.545446 
33 20 -43117.875 452.8437 321.695 460.355 1.016587 
34 20 -43256.535 671.5368 -138.66 76.275 0.113583 
35 20 -43318.92 605.8155 -62.385 236.275 0.390011 
36 20 -43145.03 860.8155 173.89 11.115 0.012912 
37 20 -42982.255 735.1647 162.775 30.445 0.041412 
38 20 -42849.925 517.1061 132.33 171.045 0.330773 
39 20 -42888.64 518.95 -38.715 189.91 0.365951 
40 20 -42737.445 646.5443 151.195 241.57 0.373633 
41 20 -42827.82 625.5798 -90.375 7.045 0.011262 





43 20 -42680.44 618.6922 244.8 158.385 0.256 
44 20 -42594.025 467.2133 86.415 292.5 0.626052 
45 20 -42800.11 774.4238 -206.085 215.125 0.277787 
46 20 -42791.07 856.2356 9.04 25.08 0.029291 
47 20 -42756.95 542.6139 34.12 306.205 0.564315 
48 20 -43029.035 795.1646 -272.085 460.69 0.579364 
49 20 -42840.43 828.0439 188.605 239.14 0.288801 
50 20 -42890.965 1084.0123 -50.535 439.61 0.40554 
51 20 -42501.89 568.1902 389.075 719.865 1.266944 
52 20 -42832.68 865.2134 -330.79 262.815 0.303757 
53 20 -42900.655 1027.6155 -67.975 309.1 0.300793 
54 20 -42659.53 691.6237 241.125 370.435 0.535602 
55 20 -42788.84 742.3416 -129.31 272.825 0.367519 
56 20 -43190.975 905.0144 -402.135 482.59 0.53324 
57 20 -43110.52 930.285 80.455 48.575 0.052215 
58 20 -42981.49 937.6958 129.03 127.37 0.135833 
59 20 -42979.83 1025.7144 1.66 107.01 0.104327 






Table. S3.8. Genetic differentiation between German cockroach population pairs in this study. Upper diagonal shows the significance of genotypic 
differentiation; lower diagonal shows pairwise Fst values.  
 BS JJ SO SY BJ XA CQ CS NJ 
 
SH GZ SZ KL SG SI AC BG PL LP JK 
BS  *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
JJ 0.0483  *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SO 0.0439 0.0631  *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SY 0.1579 0.1324 0.1406  *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
BJ 0.2014 0.1717 0.1999 0.0449  *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
XA 0.1254 0.1077 0.1116 0.0149 0.0665  *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
CQ 0.1519 0.1149 0.1504 0.0391 0.0712 0.0333  *** *** *** *** *** *** *** *** *** *** *** *** *** 
CS 0.1736 0.1516 0.1905 0.0581 0.0331 0.0689 0.0518  *** *** *** *** *** *** *** *** *** *** *** *** 
NJ 0.1725 0.1461 0.1663 0.0440 0.0770 0.0647 0.0757 0.0809  *** *** *** *** *** *** *** *** *** *** *** 
SH 0.1834 0.1494 0.1801 0.0419 0.0755 0.0558 0.0586 0.0772 0.0716  *** *** *** *** *** *** *** *** *** *** 
GZ 0.1730 0.1650 0.1577 0.0413 0.0891 0.0646 0.0718 0.0827 0.0759 0.0368  *** *** *** *** *** *** *** *** *** 
SZ 0.1658 0.1380 0.1640 0.0205 0.0390 0.0329 0.0274 0.0263 0.0333 0.0411 0.0419  *** *** *** *** *** *** *** *** 
KL 0.1499 0.1200 0.1505 0.0400 0.0475 0.0493 0.0339 0.0271 0.0524 0.0522 0.0571 0.0165  *** *** *** *** *** *** *** 
SG 0.1629 0.1357 0.1584 0.0390 0.0543 0.0410 0.0386 0.0437 0.0579 0.0291 0.0366 0.0181 0.0265  *** *** *** *** *** *** 
SI 0.2120 0.1847 0.2178 0.0931 0.1031 0.1162 0.0895 0.0751 0.0821 0.1281 0.1100 0.0680 0.0536 0.0862  *** *** *** *** *** 
AC 0.2515 0.2286 0.2247 0.0895 0.1406 0.1216 0.1052 0.1259 0.1470 0.1208 0.0943 0.1059 0.0894 0.1003 0.1431  *** *** *** *** 
BG 0.2337 0.1950 0.2234 0.0696 0.0850 0.0782 0.0921 0.0959 0.0854 0.0804 0.0879 0.0526 0.0542 0.0619 0.0977 0.1353  *** *** *** 
PL 0.2497 0.2313 0.2499 0.1416 0.1411 0.1391 0.1405 0.1461 0.1111 0.1451 0.1603 0.1115 0.1098 0.1149 0.0987 0.1999 0.1238  *** *** 
LP 0.2238 0.1733 0.2124 0.0864 0.1221 0.1073 0.0611 0.0929 0.0980 0.0841 0.0806 0.0676 0.0621 0.0769 0.0997 0.1115 0.1186 0.1334  *** 
JK 0.2304 0.2086 0.2447 0.1260 0.1646 0.1409 0.1000 0.1163 0.1169 0.1689 0.1505 0.1021 0.1022 0.1168 0.1180 0.1836 0.1713 0.2196 0.1339  
PD 0.1812 0.1464 0.1740 0.0636 0.0846 0.0588 0.0597 0.0744 0.1032 0.0948 0.0937 0.0491 0.0540 0.0648 0.0993 0.1484 0.0707 0.1459 0.1074 0.1436 
SB 0.2973 0.2721 0.2952 0.1533 0.1516 0.1853 0.1565 0.1264 0.1426 0.1693 0.1451 0.1209 0.1148 0.1246 0.1269 0.1751 0.1728 0.2070 0.1325 0.1451 
SR 0.2187 0.1865 0.2109 0.1010 0.0948 0.1128 0.1128 0.0772 0.0836 0.1136 0.0963 0.0517 0.0626 0.0736 0.1095 0.1695 0.0803 0.1439 0.1217 0.1368 
MK 0.2901 0.2463 0.2698 0.1207 0.1601 0.1375 0.1258 0.1254 0.1660 0.1571 0.1325 0.0961 0.1352 0.1063 0.1433 0.1909 0.1218 0.2413 0.1539 0.1781 
MB 0.2109 0.1902 0.2163 0.1256 0.1098 0.1365 0.1245 0.1002 0.1091 0.1283 0.1283 0.0802 0.0776 0.0905 0.0984 0.2029 0.1224 0.1768 0.1681 0.1513 
BB 0.4058 0.3692 0.4116 0.2377 0.2322 0.2526 0.2206 0.2005 0.2506 0.2943 0.3040 0.2077 0.2230 0.2245 0.2194 0.3295 0.2573 0.2802 0.2852 0.3016 
SN 0.2752 0.2515 0.2704 0.1307 0.1600 0.1574 0.1470 0.1438 0.1323 0.1645 0.1528 0.1095 0.1227 0.1305 0.1500 0.1638 0.2020 0.2138 0.1502 0.2253 
BI 0.1970 0.1754 0.1763 0.0682 0.1019 0.0904 0.0869 0.0762 0.0788 0.1050 0.0643 0.0466 0.0429 0.0642 0.0715 0.1011 0.1044 0.1269 0.0763 0.1647 
PR 0.2454 0.2113 0.2302 0.0898 0.0978 0.0966 0.0791 0.0698 0.1058 0.1113 0.0946 0.0561 0.0675 0.0652 0.0611 0.1413 0.0822 0.1210 0.1176 0.1673 
HW 0.3234 0.2773 0.3168 0.2017 0.2035 0.2056 0.1724 0.1952 0.1960 0.2261 0.2117 0.1737 0.1821 0.1732 0.1596 0.2741 0.1984 0.2209 0.2308 0.2869 
LA 0.2154 0.1880 0.2164 0.0867 0.0652 0.0907 0.0894 0.0511 0.0476 0.0783 0.0809 0.0377 0.0433 0.0400 0.0736 0.1606 0.0900 0.1010 0.1163 0.1336 
OC 0.3188 0.2663 0.2802 0.1106 0.1276 0.1487 0.1510 0.1366 0.1449 0.1285 0.1217 0.1146 0.1304 0.1171 0.1391 0.1772 0.0941 0.1834 0.1522 0.2555 
CC 0.2217 0.1913 0.2045 0.0871 0.0724 0.0840 0.0662 0.052 0.0884 0.0905 0.0931 0.0455 0.0540 0.0481 0.0776 0.1499 0.0808 0.1073 0.1200 0.1527 
GF 0.2240 0.1833 0.2231 0.0707 0.0627 0.0739 0.0625 0.0432 0.0702 0.0759 0.0935 0.0322 0.0523 0.0411 0.0524 0.1328 0.0664 0.1075 0.0831 0.1308 
BT 0.1957 0.1659 0.1829 0.0560 0.0449 0.0583 0.0432 0.0526 0.0750 0.0702 0.0731 0.0396 0.0549 0.0293 0.0779 0.1310 0.0774 0.1232 0.1135 0.1339 
LU 0.2287 0.1903 0.2029 0.0535 0.0711 0.0727 0.0593 0.058 0.0925 0.0690 0.0620 0.0434 0.0522 0.0482 0.0989 0.1022 0.0723 0.1458 0.1069 0.1646 
WO 0.2318 0.2003 0.2192 0.0780 0.0679 0.0952 0.0738 0.0751 0.0587 0.0775 0.0837 0.0393 0.0566 0.0408 0.0747 0.1523 0.0763 0.1149 0.1229 0.1398 
GI 0.2637 0.2289 0.2534 0.1069 0.0820 0.1117 0.0897 0.0778 0.1348 0.1316 0.1354 0.0761 0.0978 0.0755 0.1211 0.1853 0.1144 0.1809 0.1622 0.1785 
GM 0.2098 0.1894 0.2000 0.0904 0.0933 0.0719 0.0555 0.0599 0.1065 0.1196 0.1112 0.0599 0.0727 0.0669 0.1009 0.1557 0.1029 0.1439 0.1305 0.1446 
CO 0.2749 0.2587 0.2673 0.1367 0.1470 0.1394 0.1118 0.1136 0.1446 0.1674 0.1474 0.1075 0.1397 0.1130 0.1216 0.1916 0.1271 0.1813 0.1790 0.1791 
NV 0.2123 0.1833 0.1936 0.0613 0.0641 0.0713 0.0635 0.0434 0.0748 0.0787 0.0722 0.0299 0.0521 0.0361 0.0717 0.1115 0.0860 0.1263 0.0997 0.1350 
RV 0.2805 0.2448 0.2705 0.1272 0.1060 0.1319 0.0882 0.0798 0.1551 0.1562 0.1706 0.0970 0.0972 0.1097 0.1132 0.1750 0.1355 0.1836 0.1665 0.1787 
GV 0.1734 0.1489 0.1656 0.0563 0.0743 0.0832 0.0595 0.0625 0.0617 0.0610 0.0477 0.0303 0.0501 0.0470 0.0888 0.1293 0.0991 0.1516 0.0848 0.1221 
R1 0.3316 0.3063 0.3294 0.2040 0.1997 0.2119 0.2096 0.2223 0.1729 0.2331 0.2450 0.1816 0.1853 0.1938 0.2045 0.2797 0.2465 0.2116 0.2297 0.2709 
R2 0.2193 0.1967 0.2156 0.1067 0.1010 0.0998 0.0837 0.0761 0.1017 0.1225 0.1173 0.0675 0.0720 0.0737 0.0756 0.1443 0.1205 0.1253 0.1167 0.1380 
R3 0.2273 0.1977 0.2242 0.0886 0.1162 0.0969 0.0698 0.0715 0.0994 0.1239 0.1108 0.0644 0.0668 0.0801 0.0731 0.1332 0.1211 0.1523 0.1055 0.1102 
HN 0.1834 0.1551 0.1649 0.0647 0.0633 0.0557 0.0533 0.0496 0.0820 0.0666 0.0582 0.0399 0.0409 0.0320 0.0654 0.1291 0.0749 0.0966 0.0947 0.1433 
BL 0.1629 0.1586 0.1602 0.0643 0.0718 0.0767 0.0661 0.0657 0.1052 0.0937 0.0878 0.0624 0.0708 0.0627 0.0908 0.1551 0.0948 0.1444 0.1306 0.1831 
MO 0.2488 0.2182 0.2347 0.1233 0.1669 0.1433 0.1433 0.1501 0.1570 0.1559 0.1498 0.1486 0.1579 0.1306 0.1848 0.2048 0.2052 0.2358 0.1622 0.2346 
TR 0.2165 0.1964 0.2201 0.1091 0.1103 0.0995 0.1360 0.1253 0.1479 0.1408 0.1617 0.1134 0.1107 0.1250 0.1687 0.1963 0.1659 0.1593 0.1901 0.2213 
KV 0.3617 0.3407 0.3583 0.2667 0.2557 0.2804 0.2363 0.2404 0.2884 0.2794 0.2655 0.2314 0.2576 0.2432 0.2838 0.3579 0.3134 0.3714 0.2911 0.2937 
CR 0.3707 0.3347 0.3437 0.2147 0.2014 0.2249 0.1795 0.2042 0.2574 0.2318 0.2300 0.1979 0.2192 0.2007 0.2589 0.2631 0.2350 0.3016 0.2497 0.3069 
MS 0.3447 0.3164 0.3485 0.2502 0.1833 0.2406 0.2188 0.177 0.2632 0.2403 0.2506 0.2068 0.2071 0.1775 0.2282 0.3034 0.2451 0.2725 0.2527 0.3159 
TM 0.2391 0.2298 0.2291 0.1419 0.1421 0.1519 0.1565 0.1477 0.1550 0.1519 0.1138 0.1213 0.1412 0.1317 0.1897 0.2167 0.1758 0.1725 0.1606 0.2440 
TH 0.2392 0.2256 0.2014 0.1340 0.1529 0.1236 0.1671 0.1659 0.1820 0.1443 0.1328 0.1555 0.1423 0.1449 0.1924 0.2136 0.1510 0.1886 0.2000 0.2727 
MR 0.3013 0.2604 0.3080 0.1688 0.1441 0.1667 0.1443 0.1133 0.1748 0.1930 0.2067 0.1427 0.1262 0.1440 0.1002 0.2245 0.1857 0.2007 0.1825 0.2098 
BD 0.1912 0.1661 0.1791 0.0397 0.0760 0.0644 0.0516 0.0686 0.0590 0.0576 0.0417 0.0348 0.0490 0.0316 0.0760 0.0967 0.0889 0.1150 0.0815 0.1267 
AA 0.2089 0.1823 0.1942 0.0557 0.0520 0.0762 0.0624 0.0426 0.0646 0.0618 0.0475 0.0280 0.0460 0.0291 0.0741 0.1101 0.0667 0.1291 0.1030 0.1222 




Table. S3.8. Continued. 
 PD SB SR MK MB BB SN BI 
 
PR HW LA OC CC GF BT LU WO GI GM CO NV 
BS *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
JJ *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SO *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SY *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
BJ *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
XA *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
CQ *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
CS *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
NJ *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SH *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
GZ *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SZ *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
KL *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SG *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SI *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
AC *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
BG *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
PL *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
LP *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
JK *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
PD  *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SB 0.1913  *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SR 0.1073 0.1265  *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
MK 0.1173 0.1991 0.1464  *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
MB 0.1372 0.1770 0.1102 0.1754  *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
BB 0.2505 0.3361 0.3009 0.2958 0.2835  *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SN 0.1635 0.2237 0.1918 0.220 0.1988 0.3655  *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
BI 0.0861 0.1221 0.0859 0.1503 0.1246 0.3019 0.1137  *** *** *** *** *** *** *** *** *** *** *** *** *** 
PR 0.0937 0.1370 0.1066 0.1112 0.1301 0.1855 0.1687 0.0832  *** *** *** *** *** *** *** *** *** *** *** *** 
HW 0.1730 0.2874 0.2181 0.2359 0.2370 0.3415 0.2760 0.2172 0.1268  *** *** *** *** *** *** *** *** *** *** *** 
LA 0.1012 0.1281 0.0526 0.1521 0.0922 0.2655 0.1526 0.0690 0.0881 0.1958  *** *** *** *** *** *** *** *** *** *** 
OC 0.1375 0.2270 0.1636 0.1866 0.1869 0.3773 0.2546 0.1648 0.1094 0.2719 0.1691  *** *** *** *** *** *** *** *** *** 
CC 0.0811 0.1593 0.0902 0.1157 0.1195 0.1977 0.1720 0.0823 0.0387 0.1413 0.0317 0.1346  *** *** *** *** *** *** *** *** 
GF 0.0825 0.1232 0.0859 0.0967 0.0986 0.2031 0.1472 0.0802 0.0335 0.1581 0.0526 0.1078 0.0347  *** *** *** *** *** *** *** 
BT 0.0749 0.1698 0.1078 0.1210 0.1055 0.2119 0.1583 0.1008 0.0606 0.1541 0.0587 0.1124 0.0362 0.0415  *** *** *** *** *** *** 
LU 0.0848 0.1499 0.0947 0.1027 0.1388 0.2678 0.1546 0.0822 0.0580 0.1743 0.0743 0.0933 0.0449 0.0587 0.0399  *** *** *** *** *** 
WO 0.0988 0.1294 0.0749 0.1320 0.0869 0.2398 0.1658 0.0876 0.0632 0.1762 0.0371 0.1459 0.0341 0.0453 0.0408 0.0616  *** *** *** *** 
GI 0.1032 0.1977 0.1362 0.1368 0.1543 0.2152 0.2275 0.1429 0.0669 0.1704 0.0956 0.1598 0.0496 0.0602 0.0457 0.0874 0.0718  *** *** *** 
GM 0.0797 0.1814 0.1149 0.1161 0.1580 0.2107 0.1958 0.1123 0.0569 0.1544 0.0796 0.1594 0.0365 0.0603 0.0409 0.0525 0.0807 0.0591  *** *** 
CO 0.1271 0.2135 0.1698 0.1496 0.1974 0.2461 0.2653 0.1581 0.0891 0.1963 0.1418 0.1990 0.0636 0.0945 0.0842 0.1086 0.1006 0.0997 0.0839  *** 
NV 0.0956 0.1230 0.0790 0.1048 0.1035 0.2365 0.1346 0.0662 0.0473 0.2011 0.0442 0.1111 0.0332 0.0237 0.0379 0.0317 0.0442 0.0576 0.0619 0.1096  
RV 0.1306 0.1867 0.1655 0.1715 0.1710 0.2147 0.2246 0.1589 0.0589 0.1963 0.1425 0.1836 0.0618 0.0758 0.0852 0.0889 0.1060 0.0738 0.0750 0.1029 0.0826 
GV 0.0976 0.1175 0.0712 0.1392 0.0908 0.2828 0.1381 0.0692 0.0950 0.1962 0.0556 0.1303 0.0887 0.0715 0.0700 0.0639 0.0695 0.1340 0.0953 0.1687 0.0596 
R1 0.2326 0.2750 0.2310 0.3369 0.2637 0.3941 0.2156 0.2514 0.2199 0.3366 0.2253 0.3453 0.2320 0.1982 0.2369 0.2488 0.2129 0.2756 0.2632 0.3192 0.2124 
R2 0.1238 0.0871 0.1088 0.1241 0.1308 0.2351 0.1632 0.0844 0.0500 0.1604 0.0690 0.1716 0.0544 0.0362 0.0755 0.0701 0.0713 0.0958 0.0769 0.1145 0.0477 
R3 0.1068 0.1407 0.1163 0.1334 0.1393 0.1700 0.1675 0.0996 0.0609 0.2057 0.0940 0.1570 0.0789 0.0663 0.0796 0.0782 0.0947 0.1080 0.0695 0.1360 0.0639 
HN 0.0675 0.1468 0.0889 0.1138 0.1096 0.2179 0.1535 0.0725 0.0372 0.1484 0.0467 0.1003 0.0139 0.0284 0.0257 0.0350 0.0523 0.0616 0.0424 0.0899 0.0269 
BL 0.0763 0.2062 0.1257 0.1438 0.1238 0.2162 0.1901 0.0986 0.0960 0.1902 0.0873 0.1568 0.0636 0.0848 0.0523 0.0744 0.0710 0.0908 0.0812 0.1136 0.0705 
MO 0.1766 0.2651 0.2199 0.2374 0.2475 0.3466 0.2603 0.1847 0.2089 0.3233 0.1884 0.2451 0.1969 0.1907 0.1596 0.1708 0.1935 0.2302 0.1650 0.2380 0.1916 
TR 0.1420 0.2415 0.1408 0.2599 0.1982 0.3663 0.2031 0.1579 0.1678 0.2847 0.1365 0.2462 0.1482 0.1488 0.1399 0.1456 0.1646 0.1857 0.1556 0.2529 0.1395 
KV 0.2763 0.3301 0.2849 0.3206 0.2910 0.4183 0.3995 0.3259 0.2843 0.3934 0.2910 0.4179 0.2347 0.2694 0.2538 0.2943 0.2662 0.2711 0.2711 0.3032 0.2617 
CR 0.2053 0.3148 0.2657 0.2461 0.3078 0.3824 0.3562 0.2730 0.2059 0.3318 0.2510 0.3075 0.1571 0.2026 0.1701 0.1483 0.1993 0.1741 0.1380 0.2136 0.1947 
MS 0.2178 0.2970 0.2412 0.2775 0.2465 0.3304 0.3415 0.2537 0.1917 0.2900 0.2051 0.3115 0.1697 0.1661 0.1595 0.2304 0.2060 0.1410 0.1671 0.2663 0.1935 
TM 0.1763 0.2065 0.1394 0.2254 0.1989 0.3678 0.2561 0.1493 0.1735 0.2741 0.1249 0.2098 0.1390 0.1623 0.1449 0.1202 0.1540 0.1875 0.1509 0.2340 0.1323 
TH 0.1678 0.2679 0.1535 0.2317 0.2250 0.4258 0.2566 0.1782 0.1750 0.3064 0.1485 0.1758 0.1370 0.1729 0.1448 0.1274 0.1799 0.2115 0.1662 0.2499 0.1465 
MR 0.1859 0.2202 0.2147 0.2376 0.1814 0.2223 0.2426 0.1793 0.1281 0.2819 0.1703 0.2628 0.1364 0.1124 0.1354 0.1628 0.1588 0.1595 0.1565 0.2059 0.1221 
BD 0.0968 0.1379 0.0985 0.1175 0.1106 0.2681 0.1169 0.0699 0.0807 0.1890 0.0539 0.1027 0.0640 0.0579 0.0348 0.0273 0.0508 0.1127 0.0779 0.1291 0.0360 
AA 0.0867 0.1199 0.0648 0.0967 0.0733 0.2409 0.1500 0.0678 0.0540 0.1748 0.0352 0.0890 0.0291 0.0394 0.0290 0.0221 0.0288 0.0705 0.0616 0.0915 0.0176 





Table. S3.8. Continued. 
 RV GV 
 
R1 R2 R3 HN BL MO TR KV CR MS TM TH MR BD AA GH 
BS *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
JJ *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SO *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SY *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
BJ *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
XA *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
CQ *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
CS *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
NJ *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SH *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
GZ *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SZ *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
KL *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SG *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SI *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
AC *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
BG *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
PL *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
LP *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
JK *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
PD *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SB *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SR *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
MK *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
MB *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
BB *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SN *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
BI *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
PR *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
HW *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
LA *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
OC *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
CC *** *** *** *** *** ** *** *** *** *** *** *** *** *** *** *** *** *** 
GF *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
BT *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
LU *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
WO *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
GI *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
GM *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
CO *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
NV *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
RV  *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
GV 0.1526  *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
R1 0.2491 0.2276  *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
R2 0.0798 0.0953 0.1951  *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
R3 0.0978 0.0962 0.2274 0.0785  *** *** *** *** *** *** *** *** *** *** *** *** *** 
HN 0.0771 0.0677 0.2093 0.0467 0.0690  *** *** *** *** *** *** *** *** *** *** *** *** 
BL 0.1194 0.0897 0.2509 0.1135 0.1091 0.0624  *** *** *** *** *** *** *** *** *** *** *** 
MO 0.2563 0.1340 0.3226 0.2153 0.1862 0.1641 0.1562  *** *** *** *** *** *** *** *** *** *** 
TR 0.2055 0.1432 0.2449 0.1762 0.1646 0.1304 0.1608 0.2475  *** *** *** *** *** *** *** *** *** 
KV 0.3152 0.2430 0.4304 0.2754 0.2827 0.2465 0.2497 0.3688 0.3598  *** *** *** *** *** *** *** *** 
CR 0.1991 0.2277 0.3801 0.2039 0.2152 0.1723 0.1772 0.2702 0.3033 0.3655  *** *** *** *** *** *** *** 
MS 0.2277 0.2435 0.3796 0.2029 0.2344 0.1698 0.2034 0.3413 0.2863 0.3483 0.2849  *** *** *** *** *** *** 
TM 0.2379 0.1059 0.3200 0.1494 0.1714 0.1109 0.1482 0.2201 0.1765 0.2864 0.2283 0.2596  *** *** *** *** *** 
TH 0.2328 0.1518 0.3238 0.1855 0.1943 0.1069 0.1506 0.2510 0.1373 0.3752 0.3016 0.3202 0.1582  *** *** *** *** 
MR 0.1207 0.1981 0.2705 0.1287 0.1310 0.1309 0.1432 0.2854 0.2415 0.3438 0.3072 0.2438 0.2833 0.3040  *** *** *** 
BD 0.1255 0.0356 0.2307 0.0815 0.0774 0.0445 0.0783 0.1464 0.1341 0.2949 0.2114 0.2507 0.1145 0.1329 0.1686  • *** 
AA 0.0845 0.0435 0.2378 0.0636 0.0737 0.0307 0.0629 0.1739 0.1446 0.2635 0.1776 0.2080 0.1151 0.1381 0.1436 0.0152  *** 
GH 0.2284 0.1429 0.2625 0.1689 0.1582 0.1712 0.2028 0.2461 0.2693 0.3824 0.3255 0.3507 0.3038 0.2998 0.2452 0.1676 0.1726  




Table S4.1.  Indication of null allele per population per locus by Microchecker. * indicate there are always null alleles; # indicate that specific 
locus in specific population show sign of null alleles only when the individuals with missing data preserved; $sign of null alleles only when the 
individuals with missing data deleted. 
 SY01 SY02 BJ01 BJ02 BJ03 BJ04 BJ06 XA01 XA02 XA03 XA04 CQ01 CQ02 CS01 CS02 NJ01 NJ02 NJ03 NJ04 SH01 GZ01 GZ02 GZ03 SZ01 
B12 * * # * * * *      #     *    *   
G7 * * $  * * * * # #        * *  *    
A7 * * * * * * *     *    * *   * *   * 
D9 * * * * * * * * * * * * * * * * * * * * * * * * 
C04 * #  *   # *  *  *  $ * * *      * * 
D05   * *  * *  *    *  *     *     
1D5 * * * *   #  #       * *   #     





Table S4.2b. frequency of null alleles per population per locus calculated with GenePop. Noinf means “No information”, bonded numbers are the 
null allele indicated in Table S4.2a 
 SY01 SY02 BJ01 BJ02 BJ03 BJ04 BJ06 XA01 XA02 XA03 XA04 CQ01 CQ02 CS01 CS02 NJ01 NJ02 NJ03 NJ04 SH01 GZ01 
B12 0.1138 0.1597 0.1113 0.1018 0.1595 0.2117 0.3186 0.0125 0 0 0.0659 0.0376 0.119 0.0043 0 0.0429 0 0.1094 0.046 0 0 
G7 0.1558 0.1858 0.1123 0.0589 0.1386 0.2782 0.4556 0.1175 0.1043 0.1459 0.0942 0.0172 0.0836 0.0232 0 0.0301 0.0739 0.1999 0.1262 0.0165 0.1387 
A7 0.0718 0.1347 0.1577 0.2165 0.1661 0.3973 0.3842 0.1082 0.0457 0.0167 0.0375 0.0853 0.0601 0 0.0267 0.2554 0.2417 0.0502 0.0463 0.1427 0.1452 
D9 0.3782 0.3482 0.3522 0.3055 0.2335 0.1781 0.2407 0.3252 0.3425 0.2047 0.2887 0.22 0.2817 0.2379 0.2027 0.2041 0.3355 0.2479 0.2573 0.2682 0.1824 
C04 0.161 0.1579 0 0.1903 Noinf 0.1347 0.2016 0.2243 0.0554 0.2176 0.1193 0.2706 0 0.1593 0.2059 0.1454 0.1757 0 0 0.0837 0 
D05 0.0263 0.0107 0.1453 0.0917 0 0.2126 0.1444 0.0044 0.0849 0 0 0.0553 0.0909 0.0147 0.1058 0.1385 0.0734 0.0322 0 0.1511 0 
1D5 0.1722 0.1718 0.1518 0.1379 0.0568 0.0979 0.1477 0.0732 0.13 0.0273 0 0.0112 0.0374 0.0129 0.0098 0.1945 0.2868 0.0574 0.0859 0.1353 0.0234 
F7 0 0.0644 0 0 0.1198 0.0122 0.1469 0.0624 0 0.0056 0.0005 0 0 0 0 0 0.0454 0.0665 0 0.0636 0 
 
 GZ02 GZ03 SZ01 
B12 0.1342 0.0206 0.0246 
G7 0.0838 0.0606 0 
A7 0.035 0 0.091 
D9 0.1297 0.3111 0.1832 
C04 0.0645 0.2229 0.2517 
D05 0 0.0132 0.0485 
1D5 0.0104 0.077 0.0043 








Table S4.3. P-value for each locus pair across all populations of genotypic linkage disequilibrium (Fisher's method) by Genepop 
 B12 G7 A7 D9 C04 D05 1D5 F7 
B12         
G7 0.913861        
A7 0.980435 0.402684       
D9 0.870872 0.764896 0.157793      
C04 0.694615 0.170104 0.899062 0.133247     
D05 0.496161 0.681713 Highly sign.  Highly sign. 0.187725    
1D5 Highly sign. 0.688491 0.943809 0.985146 0.036458 Highly sign.   
F7 0.747953 0.192591 0.655265 0.665462 0.276315 Highly sign. Highly sign.  
 
 
Table S4.4. Analysis of Molecular Variance by GenAlEx  
Source df SS MS Est. Var. % 
Among Pops 23 342.913 14.909 0.227 7% 
Among Indiv 575 2066.730 3.594 0.757 25% 
Within Indiv 599 1246.500 2.081 2.081 68% 




Table S4.5. Pairwise Fst value and significance of differentiation. Lower diagonal is the pairwise Fst value, upper diagonal is the significance of 
the population differentiation.  
Significant code (p value): 0 ‘***’ 0.001 ‘**’ 0.05 ‘*’ 0.01 ‘·’ 0.1 ‘NS’ 1 
SY01 0 * *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
SY02 0.0144 0 *** *** *** *** *** *** ** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
BJ01 0.0762 0.0535 0 *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
BJ02 0.0289 0.0322 0.0638 0 *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
BJ03 0.1014 0.1212 0.1752 0.1112 0 *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
BJ04 0.0308 0.048 0.0735 0.0506 0.0899 0 *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
BJ06 0.0548 0.0503 0.0723 0.0622 0.1592 0.0388 0 *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
XA01 0.0273 0.0616 0.1128 0.075 0.1511 0.058 0.0819 0 *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
XA02 0.0462 0.0162 0.0859 0.0773 0.1723 0.0824 0.0658 0.091 0 *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** 
XA03 0.0937 0.0536 0.1104 0.0968 0.1545 0.0881 0.1328 0.1316 0.0968 0 NS *** *** *** *** *** *** *** *** *** *** *** *** *** 
XA04 0.0818 0.0393 0.0817 0.0815 0.1538 0.0706 0.0962 0.1049 0.0774 0.0013 0 *** *** *** *** *** *** *** *** *** *** *** *** *** 
CQ01 0.0581 0.0375 0.0909 0.0716 0.1749 0.0851 0.0821 0.0636 0.0571 0.1068 0.0695 0 *** *** *** *** *** *** *** *** *** *** *** *** 
CQ02 0.0438 0.0444 0.112 0.063 0.1665 0.0569 0.0661 0.0718 0.0745 0.1273 0.1016 0.0545 0 *** *** *** *** *** *** *** *** *** *** *** 
CS01 0.0693 0.0502 0.0251 0.0717 0.2127 0.0844 0.0524 0.0978 0.0599 0.144 0.1033 0.0641 0.0751 0 *** *** *** *** *** *** *** *** *** *** 
CS02 0.0719 0.0335 0.0818 0.0842 0.2076 0.0938 0.0596 0.0893 0.0585 0.1213 0.0797 0.0396 0.0578 0.0325 0 *** *** *** *** *** *** *** *** *** 
NJ01 0.0468 0.0373 0.0939 0.0788 0.1559 0.0606 0.0868 0.0907 0.0662 0.1068 0.0927 0.0824 0.0714 0.0876 0.0712 0 NS *** * *** *** *** *** *** 
NJ02 0.0328 0.029 0.0818 0.0595 0.1473 0.0386 0.0612 0.0821 0.0615 0.1031 0.0871 0.088 0.0585 0.0756 0.0642 0.004 0 *** * *** *** *** *** *** 
NJ03 0.0353 0.0271 0.0844 0.0651 0.1358 0.0453 0.0508 0.0624 0.0579 0.0961 0.0739 0.0748 0.0474 0.0803 0.0557 0.0275 0.0202 0 *** *** *** *** *** *** 
NJ04 0.0465 0.0365 0.0825 0.0788 0.1671 0.0603 0.0745 0.0787 0.0646 0.1169 0.091 0.081 0.058 0.0723 0.053 0.0029 0.0079 0.0156 0 *** *** *** *** *** 
SH01 0.0466 0.0488 0.0955 0.069 0.1589 0.0634 0.0706 0.0776 0.085 0.1479 0.123 0.0676 0.0644 0.0777 0.09 0.0747 0.0659 0.0644 0.0699 0 *** *** *** *** 
GZ01 0.0491 0.0445 0.1142 0.0767 0.174 0.0977 0.0841 0.0824 0.0786 0.1529 0.1405 0.0802 0.0608 0.0919 0.0821 0.0749 0.0594 0.0512 0.0704 0.0422 0 *** *** *** 
GZ02 0.0472 0.0261 0.0612 0.0395 0.17 0.0752 0.0589 0.0832 0.0452 0.1141 0.0962 0.0559 0.0548 0.0381 0.0595 0.0717 0.056 0.0644 0.0702 0.0521 0.0304 0 *** *** 
GZ03 0.0885 0.057 0.1178 0.0952 0.2344 0.1283 0.0838 0.1166 0.059 0.1243 0.1045 0.0582 0.0779 0.064 0.0487 0.0991 0.0871 0.0871 0.0977 0.0978 0.0849 0.0495 0 *** 





Fig. S4.1. Comparison of (a) number of alleles (Na, p = 0.0032256) and (b) observed heterozygosity (Ho, p = 0.0019467) between populations in 







Fig. S4.2. Results of the Delta K test by STRUCTURE Harvester. (a) Delta K test with STRUCTURE assignments of 24 predefined populations 
listed as in Table S1. (b) Delta K test with STRUCTURE assignments of 9 predefined populations as individuals from each city considered one 
population.  
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